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ABSTRACT
The York River is one o f the major tributaries o f Chesapeake Bay. Previous work 
showed that the mid-York estuary is a site that undergoes high sediment deposition. 
Recently, a two-year period o f  monthly slack water survey results suggested that in 
addition to the classical estuary turbidity maximum (ETM), a second peak o f bottom total 
suspended sediments (TSS) concentration, or a so-called secondary turbidity maximum 
(STM), exists in the mid-York Estuary. This STM, detected from the majority o f the 
slack water surveys, moves back and forth in the region o f about 20-40 km from the York 
River mouth. Moreover, the distribution o f the potential energy anomaly indicates that 
the STM may be related to stratification patterns o f the water column. A mathematical 
analysis suggests that four processes may be important to the formation o f the STM: 
convergence o f  bottom residual flow, tidal asymmetry, inhibition o f  turbulence diffusion 
by stratification, and local erosion.
An intensive survey was conducted to show the intra-tidal and lateral variations of 
TSS concentrations in the middle part o f the York River. None o f the four mechanisms 
was in favor o f  convergent sediment transport in the examined region. Accordingly, the 
STM did not appear in the slack water survey conducted two days before the intensive 
survey. The intra-tidal variations o f the bottom TSS concentration is shown to be 
proportional to bottom shear stress at most stations, which indicates that bottom 
resuspension is an important source ofT SS  in this region. The bottom TSS concentration 
at the southwestern shore station is often much higher than that o f the channel station. 
Although the calculated across-channel sediment flux is one order o f  magnitude less than 
that in the along-channel direction, the gradients o f the along- and across-channel 
sediment fluxes are o f the same order. This suggests that the STM is basically a three- 
dimensional feature.
A three-dimensional numerical model was applied to the York River system to 
further investigate the sediment transport mechanisms in the York River system. Three 
prototype model runs were made to compare the model results to the survey data. The 
model reproduced the basic features in both the salinity and TSS fields. Sensitivity model 
studies confirm the existence o f the STM in the middle part o f  the York River. It was 
shown that under the high flow condition only the ETM is present, which is associated 
with the head o f  salt intrusion. Under the low flow condition, both the ETM and the STM 
show up with the STM associated with a transition zone between the upriver well-mixed 
and the seaward partially-stratified water column. Analysis o f the model results shows 
that bottom resuspension is an important source ofT SS  in both the ETM and the STM. 
The location o f  the ETM is well associated with the null point o f bottom residual flow 
under various flow conditions. Convergent bottom residual flow, as well as tidal 
asymmetry, were shown to be the most important mechanisms that contribute to the 
formation o f the STM. The association between the STM and the transition zone between 
the upstream well-mixed and the downstream stratified water column can be explained as 
follows: The STM often exists in a region with landward decrease o f  bottom residual 
flow and net landward sediment flux due to tidal asymmetry. The channel depth o f this 
region usually decreases sharply upriver. As channel depth decreases, vertical mixing 
increases and hence the water column is better mixed landward o f the STM.
XV
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INTRODUCTION
The estuary turbidity maximum (ETM), the phenomenon that much higher total 
suspended sediment (TSS) concentration accumulates in the estuary than in either the 
river or the sea, has been observed in most estuaries experiencing energetic tidal flow 
(Dyer 1986). This high concentration o f suspended sediment is often reported to be 
located near the upriver limits o f salt intrusion (e.g., Schubel 1968; Nichols and Poor 
1972; Nichols and Thompson 1973; Uncles and Stephens 1993).
Multi-peaks ofT SS  concentration have been observed to exist in some estuaries. 
The basic characteristics o f some estuaries where multi-peaks ofTSS have been reported 
are described in Chapter 1. Although tidal ranges in these estuaries vary from less than a 
half meter to more than 5 meters, all o f them undergo a partially-mixed status at a certain 
time. However, mechanisms causing the multi-peaks ofTSS are not clear.
Monthly slack water surveys over a two-year period (1996-1998) were conducted 
in the York River Estuary o f  Virginia. The data show that, in addition to the prominent 
ETM, there often exists a secondary turbidity maximum (STM) on its seaward side. The 
STM usually has a smaller TSS concentration than that o f the ETM, and limited to the 
bottom layer. Turbidity maximum may block out the necessary light for the growth of 
phytoplankton and submerged seagrass and further affect the ecological environment of 
the region. In fact, it is suggested that a complete loss o f transplanted eelgrass was caused 
by deteriorated light environment due to a month-long high turbidity pulse in the middle
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3o f the York River Estuary (Moore et al. 1997).
The objective o f this study is to examine the characteristics and mechanisms of 
the turbidity maxima in the York River Estuary from a hydrodynamic point o f view. 
Specifically, it will focus on the mechanisms o f the newly discovered secondary turbidity 
maximum in the middle part o f the York River. The high TSS concentration may be a 
result o f  both biochemical (e.g., flocculation (Ippen 1966; Dyer 1986) or deflocculation 
(Li et al. 1999)) and geophysical processes. This study will only focus on geophysical 
factors o f  sediment trapping processes. The scope o f this study does not treat bottom 
sediment characteristics (except grossly).
This dissertation is composed of five chapters.
Chapter 1 — a review o f the former studies on mechanisms of turbidity maximum, 
sediment modeling, and the study area by other investigators.
Chapter 2 — describes the along-channel distribution features o f the suspended sediment 
concentration in the York River, Virginia, using a two-year period o f slack water survey 
data. It reveals the phenomenon o f double turbidity maxima in the York River Estuary. 
Four potential mechanisms are proposed for the formation o f the STM based on a 
mathematical analysis.
Chapter 3 -- analyzes a set o f intensive survey data to show the intra-tidal variation o f 
the suspended sediment concentration in the middle part o f  the York River and the 
possible lateral effects on the transport o f the suspended sediment in this region.
Chapter 4 -  applies a three-dimensional numerical model to the York River system to 
further investigate the mechanisms causing the unique features in the suspended sediment
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4field in the York River. The model results are compared to the survey data for three 
prototype model runs. Sensitivity tests are then carried out to examine the response of 
suspended sediment transport to various processes.
C h ap te r 5 — gives conclusions and future studies related to this topic.
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CHAPTER 1
Background Review
1-1. M echanism s of T urb id ity  M axim um
Much work has been done addressing the mechanisms o f the formation o f  the 
turbidity maximum in estuaries. A synthesis o f previous work discussing the four 
possible mechanisms is presented in the following.
The first mechanism is related to sources outside the system, for example, big 
discharge events which can introduce large amounts o f suspended sediment into the 
system from the upriver end. If  the sediment cannot settle or disperse quickly, this high- 
TSS-concentration water mass will be carried completely seaward.
The second mechanism is due to the horizontal convergence o f the flow field. As 
a result o f the density-driven residual circulation, bottom currents converge near the null 
point. The major process is that sediments transported seaward by fresher water in the 
upper layer continuously settles to the lower layer, where the net landward bottom flow 
tends to carry them upriver to the null point. Estuarine circulation is the most commonly 
attributed cause o f estuarine turbidity maximum (ETM) (Dyer 1986). Postma (1967) 
gave a particularly lucid account o f this mechanism. Festa and Hansen (1978) further 
investigated the relationship between estuarine circulation and the formation o f  the ETM 
using a two-dimensional (laterally integrated) steady-state numerical model. The model
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
6results support the hypothesis that estuary dynamics is the major reason for the 
occurrence o f the ETM in partially-mixed estuaries, and shows that the magnitude and 
position o f the ETM depends on the sediment supply from the river and the ocean 
sources, sediment settling velocity, and the strength o f the estuarine circulation.
However, the model assumes no net erosion and deposition within the calculated domain, 
and it uses a constant eddy viscosity and diffusion coefficient to simulate the tidal mixing 
processes, which is not feasible for real conditions. Officer (1980) developed a box- 
model solution for the problem and compared it to the results o f a numerical model. The 
benefits o f the box-model are that it can be easily applied to actual estuarine conditions 
and can be extended to include bottom sediment fluxes based on the salinity distribution, 
estuary geometry and river flow information.
The third mechanism is that some particularly strong local erosion or 
resuspension events may introduce high concentration o f  total suspended sediment into 
the water column. The high erosion or resuspension rate may be a result o f higher flow 
speed due to topographic constriction or lower critical shear stress for erosion o f the 
bottom. Thus, this mechanism is commonly associated with certain typical topographies 
or some secondary circulation patterns and has often been attributed as the cause o f 
multi-peak TSS concentrations (Table 1-1). Allen et al. (1980) suggested that a hyper- 
synchronous topography o f the Gironde Estuary in France can lead to a region of 
“erosion maximum” in the downriver part o f the ETM, and that it acts as a source of 
suspended sediment to the ETM. Roberts and Pierce (1976) found two turbidity maxima 
in the upper Patuxent Estuary, one is corresponded with the salt front and the other with a 
seaward constriction in the estuary channel. Biggs et al. (1983) reported multiple peaks
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
7ofT SS  concentrations in the Delaware Estuary, but the generating mechanisms have not 
been identified. In the Tay Estuary, multiple turbidity maxima were identified on the 
ebbing tide by Buller (1975), and have been attributed to erosion by water currents 
draining from tidal flats. More observations in the Tay Estuary showed that the locations 
and numbers ofTSS peaks varied in response to river runoff (Dobereiner and McManus 
1983). Weir and McManus (1987) reexamined this issue in the Tay Estuary, and 
concluded that wind-induced wave activity played a dominant role. Jay and Musiak 
(1994) stated that three simultaneous ETM have been observed in the Columbia River 
estuary with two landward ones near the upriver limit o f  salt intrusion and the more 
seaward one possibly caused by topographic constriction.
The fourth mechanism is associated with the suppression o f  turbulence by 
stratification in a partially-mixed or well-stratified estuaries. The suppression of 
turbulence by stratification has been addressed by numerous studies (Simpson et al.
1990; Park and Kuo 1996; Lewis 1996). Hamblin (1989) and Lang et al. (1989) showed 
the importance o f this process on the vertical distribution of sediment in the turbidity 
maximum zone, but did not acknowledge it as an efficient sediment trapping mechanism. 
Uncles and Stephens (1989) hinted at such a role. Geyer (1993) demonstrated that a 
trapping process exists in the upriver end o f  the salt intrusion. He stated that in a salt 
wedge or even partially-mixed estuary, after the homogeneous fresh water reaches the 
upriver limit o f salt intrusion, the water column becomes stratified. As a result, turbulent 
mixing will be substantially suppressed by stratification. Since the sediment is kept in 
suspension by an approximate balance between gravitational sinking and turbulent 
mixing, a reduction o f vertical mixing will then result in sediment sinking. Therefore,
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
this whole process will greatly enhance the trapping process which is purely due to 
estuarine circulation. Geyer (1993) used a two- dimensional numerical model formulated 
similar to that o f  Festa and Hansen (1976), but the difference is that it included the effect 
o f turbulence suppression by stratification. In Geyer’s study, the suppression of 
turbulence was taken into account through the Munk-Anderson approximation. A 
parabolic shape equation o f  mixing length was used to simulate the eddy viscosity. 
Although this can be a reasonable approach, problems still exist arising from the artificial 
shape equation and other approximations. The model indicated that for silt-sized 
sediment particles, there is a 20-fold increase in the trapping rate if  the stratification 
effect is included. Actually, this mechanism only enhances the pre-existing estuarine 
circulation mechanism and the mechanism has been demonstrated only in salt-wedge 
estuaries. The reason it is addressed here as an independent mechanism is that it has 
unknown potential o f  being one independent mechanism o f the formation o f a turbidity 
maximum. Using conservation o f mass, Jay and Musiak (1994) derived a two- 
dimensional suspended sediment balance equation for the estuary turbidity maximum. 
Their model combined the theory o f internal tidal asymmetry (Jay 1991; Jay and Musiak
1996) with the stratification effect on TSS vertical profiles and showed that the upriver 
suspended sediment transport is associated with a correlation between shear and 
stratification in the mean flow and at the various frequencies.
Although turbidity maxima in estuaries can be caused by each o f these four 
mechanisms, their magnitudes and locations may be quite different. The duration and 
movement o f turbidity maxima caused by the first mechanism mainly depend on the 
magnitude o f  outside sources and the hydrodynamic features o f  the water column inside
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and hence the ETM will move back and forth according to different river discharges. 
Local erosion or resuspension leads to more localized high TSS concentration, therefore 
this kind o f turbidity maximum will be confined to a certain location. Turbidity 
maximum caused by the depression o f turbulence through stratification will be well 
related to stratification patterns in the estuary. However, besides all o f  these factors that 
affect the spatial and temporal variation o f  turbidity maxima in estuaries, the role o f tides 
cannot be ignored. Three kinds o f  tidal effects have been discussed. One effect is the 
cyclic change in the magnitude and position o f the turbidity maxima. This has been 
observed by many investigators including Schubel (1968) for Chesapeake Bay; Allen et 
al. (1980) for the Gironde and Aulne estuary in France; Uncles and Stephens (1989;
1993) for the Tamar estuary in UK; Lindsay et al. (1996) for the Forth estuary in 
Scotland. The baseline for this kind of effect is that tidal currents carry sediment with it, 
and erode or resuspend more sediment into the water column when it gets stronger. 
Another kind o f  effect is due to tidal asymmetry or tidal pumping processes. Two kinds 
o f  asymmetry contribute to sediment transport processes. One is that flood currents 
become stronger than those o f ebb as tides propagate to shallow areas. The other is that 
the duration o f  slack before ebb becomes longer than slack before flood. These two 
factors tend to push the turbidity maximum further landward towards the upriver limit of 
tidal intrusion. Uncles and Stephens (1989) attributed the field observation o f the 
displacement o f the ETM upriver o f the salt intrusion limit to tidal pumping processes 
according to the simulation result o f a one-dimensional numerical model. Allen et al. 
(1980) made a schematic cartoon to illustrate the associated effects o f  the tidal
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asymmetry and fresh water inflow upon the position o f  the ETM in the Gironde estuary. 
The third effect is called “lag effect”, which carries sediments towards areas with lower 
tidal velocity. The lag effect includes “settling lag” and “scour lag” . Settling lag is the 
delay for a particle o f sediment to reach the bottom after the decreasing current cannot 
maintain it in suspension. Scour lag is the delay due to the fact that a stronger current is 
necessary to erode a particle from the bed than to deposit it. Therefore, if  the maximum 
tidal current decreases toward shore, a given sediment particle is carried farther during 
flood than during ebb. The lag effect was initially suggested as a mechanism for upriver 
sediment transport in shallow tidal flat areas. A qualitative model o f this mechanism has 
been developed by van Straaten and Keunen (1958) and Postma (1961), and was said to 
have possible effects upon the position o f turbidity maxima in estuaries (Dyer 1986; 
Friedrichs e ta l. 1999).
1-2. Use o f Numerical Model
Among the mechanisms both for the formation and the variation o f turbidity 
maxima in estuaries, one or two may be more important than others in different estuaries. 
However, the difficulty exists in how to evaluate the relative importance o f various 
mechanisms. In this case, numerical modeling may be a practical and easier way to reach 
the goal, since one can always examine the importance o f  a certain process through 
modeling by sensitivity analysis or following the way o f Festa & Hansen (1978) and 
Geyer (1993), to set idealized boundary conditions to exclude the impact o f other factors 
not under consideration.
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Numerical models o f sediment transport in estuaries have been developed since 
the early 1970’s. Odd and Owen (1972) made one o f the first attempts at using a 
numerical model for sediment dynamics: a one-dimensional model was used to simulate 
the tidal flow and mud transport in the well-mixed estuary, Thames. Kuo et al. (1978) 
developed a vertical two-dimensional model to simulate the hydrodynamic property and 
the distribution o f the turbidity maximum in the Rappahannock estuary. Festa and 
Hansen’s (1976 and 1978) two dimensional laterally integrated model became a classical 
one after it was used to verify the effect o f estuarine circulation on both the magnitude 
and the position o f the ETM in partially mixed estuaries. A horizontal two-dimensional 
numerical model o f sediment transport developed by McDonard and Cheng (1993 and
1997) has been applied to San Francisco Bay. Several o f three-dimensional models also 
have been developed (e.g. Sheng and Lick 1979; Hayter and Pakala 1989; Casulli and 
Cheng 1992). However, since several physical processes critical to cohesive sediment 
dynamics (i.e. the deposition, erosion, flocculation, consolidation, etc.) are still not well 
understood, various empirical representations are required by the models. Many recent 
Studies have been conducted to refine the representation o f these physical processes. The 
effect o f sediment-induced stratification on the bottom boundary layer dynamics and on 
the erosion processes has been studied by Sheng and Villaret (1989). Sanford and Halka 
(1993) assessed the paradigm o f mutually exclusive erosion and deposition o f  mud. 
Sanford and Chang (1997) studied the bottom boundary condition for suspended 
sediment deposition. Li et al. (1994) introduced a turbulence closure sub-model to 
improve the simulation o f vertical turbulent mixing.
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The sediment transport model used in this study will be mainly for diagnostic 
purposes. Whereas comparisons between model result and field data are carried out, no 
strict calibration process is conducted. The simulation o f bottom deposition and erosion 
or resuspension in the model uses the commonly accepted empirical formulas, which will 
be discussed in detail in Chapter 4.
1-3. Study Area
The York River (Fig. 1-1) is a tributary-estuary o f the lower Chesapeake Bay, 
which formed through inundation during the Holocene sea level rise (Nichols et al.
1991). The York River is about 53 km long and receives freshwater from its two major 
tributaries at West Point: the Pamunkey and Mattaponi Rivers. Tidal propagation ceases 
at approximately 120 km upriver from the York River mouth in the Mattaponi River and 
about 150 km in the Pamunkey River (The distance upriver from York River mouth will 
be hereinafter referred to as River km). The upriver limit o f  salt intrusion oscillates near 
West Point (53 River km) depending on river discharge. Along the York River system, 
tidal ranges are mostly less than 1 m, and the estuary is classified as partially-mixed 
according to Pritchard (1967).
The channel o f the York River is relatively straight, except near Gloucester Point 
(about 10 River km) where it turns about 45°. Seaward o f Gloucester Point, the channel is 
wide with a relatively broad shoal on the north side and a narrow shoal on the south side, 
while a broad shoal exists on the southwest side o f the channel upriver. At Pages Rock 
Light (about 19 River km) the channel bifurcates with the main channel on the 
northeastern side and an old partially filled channel on the southwestern side.
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Previous investigations o f  the York River Estuary dated back in the eighteen 
hundreds. Most o f the earliest works consist o f depth soundings associated with the need 
for navigation improvement. It was reported (Brown et al. 1938) that from 1857 to 1911, 
sediment accumulation was most rapid in the section of about 35 to 45 River km, and that 
there had been a seaward migration o f the location o f most active sediment deposition 
from 1911 to 1938. Nelson (1960) studied sediment distributions in the York River and 
reported that the ETM was closely associated with the very low salinity region around 
West Point (about 53 River km). Another significant feature from Nelson’s experiment is 
that fine-grained sediment resists precipitation even in very salty water obtained from the 
York River. As a result, he stated that the distribution o f sediment in the York River was 
determined primarily by the physical movement o f water masses and current systems.
The mud accumulation rate is faster in the middle York River at about 39 River km 
(about 10 km upriver o f Clay Bank) than elsewhere (Nichols et al. 1991). Dellapenna et 
al. (1998) reported a high sediment deposition but a low accumulation rate, i.e. an 
energetic sediment bottom, exists in the old channel about 2 to 3 km upriver o f Clay 
Bank (about 29 River km). Furthermore, it is suggested that a complete loss o f 
transplanted eelgrass in the middle o f the York River Estuary was caused by deteriorated 
light environment due to a month-long high turbidity pulse (Moore et al. 1997). 
According to Schaffner et al. (1987), rapid deposition or erosion o f sediments may inhibit 
the ability o f macrobenthos to bioturbate the bed, thus, low biological impacts are 
expected on the sediment bottom in the old channel o f the mid-York estuary.
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Bottom Sediments
Bottom sediment texture or size distribution was investigated previously by Nichols 
et al. (1991). In the middle part towards the upriver end of the York River, the mud 
percentage o f the bottom sediment is quite high (Fig. 1-2), bordered with much sandier bed 
in its upriver and seaward ends. The major bottom sediment component o f this area is silty 
clay based on Shepard’s classification. The maximum transactional-averaged sediment 
accumulation rate in this mud reach was reported to be around 2 cm per year historically 
(Brown et al. 1938). Physical mixing to depths from 40 to 120 cm was reported at the old 
channel o f  the York River (Dellapenna et al. 1998). The water content o f the bottom 
sediment (top 20 cm) in the channel o f the middle part o f  the York River varies from 60 to 
80% and the porosity ranges between 0.80 and 0.90 (Dellapenna 1999), which indicates a 
high rate o f bottom sediment resuspension to the water column. In fact, Maa and Kim (in 
review) studied the fine sediment erosion behavior in the York River and concluded that 
positive excess bed shear stress may cause erosion. This implies that during tidal 
accelerating stages, bed erosion is underway. This suggests that the bottom mud layer in the 
middle part o f  the York River acts like a sediment pool, which may be the primary sediment 
contributor to the secondary turbidity maximum in this area.
Upriver Suspended Sediments
There are two USGS gauging stations upstream in the Pamunkey and Mattaponi 
Rivers. The Pamunkey station is near Hanover (about 170 River km) and the Mattaponi 
station is near Beulahville (about 135 River km), both at a short distance upriver o f tidal
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
15
limits. Most recorded TSS concentrations are below 40 mg I'1 at both stations. In 
addition, more than 80% o f the TSS are fine sediments in most o f the records (Fig. 1-3).
Other Sources o f Suspended Sediments
Other sources o f  suspended sediments include biological production, bank 
erosion, and sediments introduced from the Chesapeake Bay. However, previous work is 
too sketchy to assess the significance o f these sources to the STM.
Table l - l . Estuaries that have reported multi-peaks o f TSS concentration
Estuary Tidal Range 
(m)
Estuarine Type Note Sources
Tay
Macro-tidal 
(spring tide 
can reach 5 m)
Partially-mixed 
-  well-mixed
Different 
explanations have 
been given by 
different researchers
Buller 1975; 
Dobereiner and 
McManus 1983;
Weir and 
McManus 1987
Patuxent 0.37-0.46 Partially-mixed Observed once during 
low river flow
Roberts and 
Pierce, 1976
Delaware Averaged 1.8 Well-mixed -  
partially-mixed
TSS in the STM are 
mainly composite 
sediments
Biggs et al. 
1983
Columbia
2-5 Weakly- 
stratified 
-partially- 
mixed -  well- 
stratified
Jay and Musiak 
1994
TSS: Total Suspended Sediment 
STM: Secondary Turbidity Maximum
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Fig. l - l . Study area and the slack water survey stations ( •  sampled by boat, * sampled 
from bridge). The numbers in parentheses indicate the distance in km upriver o f the York 
River mouth (referred to as "River km" in the text).
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Fig. 1-2. Mud content o f bottom sediments in the York River system 
(data from Nichols et al. 1991).
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Fig. 1-3. Historical records o f TSS concentration, the percentage o f fine suspended 
sediment and discharge at Pamunkey gauging station from USGS.
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CHAPTER 2 
Slack Water Survey
2-1. Introduction
Two kinds o f field observations have been conducted, slack water surveys and 
intensive surveys. This chapter is to analyze the results from slack water surveys and 
therefore focus on the along-channel characteristics o f the suspended sediment 
distributions.
All slack water surveys were conducted during tidal slack after ebb. In order to 
keep up with the tidal phase, slack water surveys were started at river mouth station and 
then proceed upriver using a light boat.
Monthly slack water surveys have been carried out along the York - Pamunkey -  
Mattaponi system from August 1996 to July 1998. Twenty six channel stations (Fig. 1-1) 
were selected along the York River system with more focus on the region o f  high TSS 
concentration. The station at the river mouth was sampled a half-hour before slack water. 
The most upriver boat sampling station was often sampled 0.5-1 .0  hour after slack water.
At each station, water samples were collected at depths o f  one meter below 
surface and one meter above bottom for TSS analysis (they will hereinafter be referred to 
as surface TSS and bottom TSS respectively). Multiple sampling tools were used during
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different surveys including Frautchii bottles and automatic pumping facilities. Vertical 
salinity and temperature profiles were measured using a CTD for each slack water 
survey.
The water sample for TSS is mixed by shaking and then filtered through a 
weighed standard glass-fiber filter (0.7 micron pore size), then the residue retained on the 
filter is dried to a constant weight at 103 to 105 °C. The increase in weight o f the filter 
represents TSS. The dried residue from above then is transferred to a cool muffle furnace, 
heated to 500 ± 50 °C, and then ignited to a constant weight which gives particulate fixed 
solids (PFS). The combustible portion (i.e., the difference between TSS and PFS) 
represents organic particles.
2-2. Results 
2-2-1. River Discharge and Salinity Distributions
Daily mean river discharge records were obtained at the two USGS gauging 
stations for the period o f slack water surveys. Figure 2-1 shows discharge records at 
upriver Pamunkey (a) and Mattaponi (b) from August 1st, 1996 to July 31st, 1998 when 
monthly slack water surveys were conducted. The discharge responses o f both 
Pamunkey and Mattaponi to rainfall events are similar as to time and duration, with 
Pamunkey having much higher freshwater input. According to the USGS, the long-term 
(1972-1993) mean river discharge at Pamunkey River station is 1110 cubic feet per 
second (cfs) (31.4 cubic meters per second (cms)), while at the Mattaponi River station, it 
is 583 cfs (16.5 cms). The mean discharges for the two-year period are 1717.9 cfs (48.6 
cms) for the Pamunkey and 856.9 cfs (24.3 cms) for the Mattaponi, which are
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significantly higher than the long-term means. The wet season usually lasts from late 
autumn to early spring o f the next year. The wet season in the 1996 water year covered a 
longer period than in 1997. There was a continuous dry period that started in August and 
ended in the beginning o f November 1997.
Salinity distribution is directly affected by freshwater discharges and the degree 
o f tidal mixing. Figure 2-2 shows the temporal and longitudinal variations of salinity at 
one meter below the surface (a) and one meter above the bottom (b). Since the Mattaponi 
River has similar salinity distribution, and the mean river discharge at upstream of the 
Pamunkey River is about twice that o f the Mattaponi River, the plots are along the York- 
Pamunkey system only. The x-axis is time in months (from August 1996 to June 1997). 
The y-axis is the distance upriver from the York River mouth in kilometers (River km). 
Until April 1997, the limit o f salt intrusion (defined as the upriver limit of the 1-ppt 
isohaline) is near or slightly upriver o f West Point, which is about 53 River km. 
Accordingly, river discharges during this period are quite high (Fig. 2-1). Starting from 
May 1997 and lasting for about five months, salinity intruded further upriver to above 70 
River km, which is associated with the continuous dry period o f 1997. Again, starting 
December 1997, another wet season pushes the salt intrusion further seaward. The 
difference between the surface and bottom salinity plots indicates the stratification 
patterns o f the water column, which will be examined later in this chapter.
2-2-2. TSS and PFS Distributions
TSS concentrations were plotted in Figs. 2-3 to illustrate the temporal and spatial 
variations o f TSS during the two-year period. Again, the plots are along the York-
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Pamunkey system only since the Pamunkey River is the dominant tributary o f the the 
York River. TSS concentrations are generally less than 50 mg I '1 in the York River 
system, except in regions o f turbidity maxima, where the bottom TSS concentration is on 
the order o f 102 mg I'1. A significant feature appearing from the results is that there are 
two distinct turbidity maxima in the York River system. The upriver one, which is the 
classical estuarine turbidity maximum (ETM), is closely associated with the head of salt 
intrusion (near or above West Point, located between 50 to 80 River km). The second 
turbidity maximum was observed in the majority o f the surveys with its position moving 
back and forth in the region o f  about 20 to 40 River km. Different from the classical 
ETM, this seaward TSS peak is generally confined to the lower layer o f the water 
column, and concentrations in this region often are slightly lower than the ETM. In order 
to distinguish it from the upriver ETM, we call this seaward TSS peak secondary 
turbidity maximum, or, STM.
PFS is the non-volatile part o f the TSS. The distribution o f PFS gives a general 
idea o f the importance o f the organic part o f TSS. Figure 2-4 shows that surface and 
bottom PFS concentration distributions have similar features as TSS concentrations with 
magnitudes being slightly lower. This suggests that the organic particles contribute only a 
small fraction o f  TSS concentrations and the feature o f the turbidity maximum is not a 
result o f organic matter.
2-2-3. Stratification vs. TSS Distribution
The strength o f  water column stratification can be represented by the potential 
energy anomaly (PEA) d>, which is the work required to bring about complete mixing
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and has been commonly used in stratification studies (Simpson et al. 1990; Lewis 1996). 
It can be calculated from the distribution o f density over depth using the formula
where p represents the density at a depth z and pm is the mean density over the total depth 
H  = £  + h . C, and h are surface and bottom elevations respectively, relative to mean sea 
level. The density is calculated using the simplified equation o f state, p  -  p Q(\ + ks) , 
where p 0 is the density o f freshwater and k is a constant (7.5x 10-4 p p f '). Therefore, the 
bigger the value o f  the PEA, the stronger the stratification o f  the water column.
The computed potential energy anomaly distributions are shown in Fig. 2-5. It 
shows that in the region o f the upriver end o f salt intrusion, the PEA is quite low, which 
indicates that the water column is well-mixed. The strongest stratification occurs in the 
middle part towards the mouth o f the York River, so that within regions o f 20 to 40 River 
km, there often exists a transition zone between the upriver well-mixed and the seaward 
partially- (or well-) stratified water column. Comparing it to the TSS distributions (Fig. 
2-3), it appears that this is also the region o f the STM. Another phenomenon shown by 
the plot is that when there was a strong stratification event (Sept. 96; Mar. 97; and Feb. 
98), the STM either did not show up, or, the ETM and the STM were located very close 
to each other. This, again, indicates that the occurrence and the location o f the STM are 
well related to the stratification patterns in the York River. Stratification is the result of 
the buoyancy input into the system, and river discharge is the major source o f buoyancy 
in estuaries. Neglecting wind stirring, Simpson et al. (1990) suggested stratification in
(2 - 1)
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estuaries is determined mainly by three factors: the estuarine circulation, which is the 
result o f  buoyancy input, strain-induced periodic stratification, and tidal stirring. As the 
channel depth o f the York River decreases gradually upriver, the stratification induced by 
the estuarine circulation is weakened although the longitudinal salinity gradient may have 
increased. Tidal stirring is also stronger, which weakens the stratification in the upper 
York River. The effect o f tidal straining is proportional to both the water depth and the 
longitudinal salinity gradient, and the result is not readily determined. Therefore, the 
transition zone between the upriver well-mixed and the seaward partially-stratified is 
probably caused by the weakened estuarine circulation and enhanced tidal stirring 
upriver.
To further examine the relationship between TSS distributions and stratification 
patterns in the York River estuary, we group the monthly slack water survey results to 
show the TSS and salinity distribution responses to varying river discharges and tidal 
strength.
(a) River discharges
Comparing the TSS distributions and the discharge records, one significant 
feature is that during wet seasons o f both 1996-97 and 1997-98, TSS concentration peaks 
are much higher than during the dry seasons. This suggests that river discharge may play 
an important role on the distribution o f TSS concentrations in the York River system.
The surveys o f  November 1996, March 1998 and September 1996 are selected to 
represent conditions o f  high river discharges (Figs. 2-6,2-7, and 2-8 respectively). The 
discharge record from the upriver Pamunkey shows that the November 1996 survey is 3
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
25
days after a peak flow o f 5480 cfs (155.2 cms), the March 1998 survey is 8 days after a 
peak flow o f 15500 cfs (438.9 cms). The September 1996 survey has a discharge record 
o f  6910 cfs (195.7 cms), which is 3 days after a peak flow o f 13400 cfs (379.4 cms) 
(Table 2-1). High TSS peaks exist around the region o f the limit o f salt intrusion where 
the water column is homogeneous (nearly fresh) in all three cases. The surface TSS peaks 
have a lower magnitude and are often located upriver o f  the bottom ones. The high TSS 
peak is the classical estuary turbidity maximum (ETM). Another bottom TSS peak 
appears in the middle part o f the York River where water column become partially- 
stratified (November 1996 and the March 1998 surveys). However, different from the 
ETM, no TSS peak exists in the surface layer. In other words, the high TSS concentration 
is more confined to the lower layer o f the water column. This is the so-called secondary 
turbidity maximum, or, the STM. There is no STM in the September 1996 survey when 
the river discharge is the highest among the three cases. Also different from the other two 
surveys, stratification in September 1996 happened further upriver, even at the upriver 
limits o f  the salt intrusion.
The surveys o f September, October and November 1997 are selected to represent 
conditions o f low river discharges (Figs. 2-9,2-10, and 2-11 respectively). The discharge 
record in upriver Pamunkey is 117 cfs (3.3 cms) for the September survey, 599 cfs (17.0 
cms) for the October survey and 276 cfs (7.8 cms) for the November survey. No peak 
flow occurred prior to the dates when the surveys were conducted. In fact, this was a very 
dry period for three continuous months. Under such low flow condition, salt intrudes 
further upriver to about 70 to 80 River km. The ETM also moves upriver, but lags behind
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the head of salt intrusion for the first two months. The water column is well-mixed for 
most o f the York River (it becomes partially-stratified only at the very low part o f the 
estuary). The STM moved seaward as river flow diminishes in September 1997, and 
hence, the stratified water column retreated to the very seaward region. As stratification 
developed landward, the STM advanced upriver in the later two months. Since the river 
discharge was low during this period, the maintenance o f both the ETM and the STM was 
probably due to bottom resuspension o f the previously deposited materials.
It seems that the location o f the STM is associated with the partially-stratified 
water column regardless o f river discharge. The difference in stratification patterns under 
different river discharge conditions may be explained as follows: When river discharge is 
high, there is greater buoyancy gradient to overcome turbulent mixing, and hence 
stratification occurs farther upriver. In contrast, during a low river inflow period, there is 
less buoyancy input to the system and hence the estuarine circulation is weaker, the 
stratification can only form in the lower part o f  the estuary.
(blSpring - m ap M ai effects
Two examples (Fig. 2-12) are selected to show the difference o f  TSS and salinity 
field in response to spring and neap tides. The survey of November 1996 was conducted 
2 days after the spring tide and the survey of April 1998 is right during the neap tide. In 
order to avoid impact from river discharge, the two are chosen to be o f  the similar river 
inflow condition (the discharges at upriver Pamunkey were 3320 cfs (94.01 cms) for 
November 1996 survey and 3020 cfs (85.5 cms) for April 1998 survey). Both the ETM 
and the STM were present in these two surveys, and not much difference existed as to the
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location o f either the ETM or the STM. In both cases, the ETM is associated with the 
head o f salt intrusion, and the STM is located in the middle o f the estuary where the 
water column becomes partially-stratified. The similarity may be due to the signal o f high 
river inflow, which is much stronger than the signal o f spring-neap variation. However, 
much higher TSS concentrations were observed during spring tide than neap tide at both 
the ETM and the STM regions (notice that the scale o f the Figs. 2 -12a and 2 -12b are 
different). Since spring tide has stronger current to erode the bottom sediment, this 
suggests that bottom resuspension may be an important source o f suspended sediments to 
the turbidity maximum.
The stratification patterns in the York River has been reported to depend on the 
spring-neap tidal cycles (Haas 1977). However, the slack water surveys were conducted 
only once per month, the temporal variation o f  both the ETM and the STM during a 
spring-neap cycle cannot be discerned.
2-2-4. Influence from Wind Waves
Meteorological information such as wind speeds and directions were obtained 
from the VIMS scientific data archive. Most o f  the slack water runs were conducted 
under relatively calm weather conditions so that influence from wind waves are 
considered to be o f little significance.
In fact, a study (Boon 1996(a); Boon 1996(b)) has shown that along the outer 
margin o f the littoral zone at the mouth and in the middle to lower York River, local 
resuspension o f  bottom sediment takes place at times o f highest observed currents.
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Waves appear to have a minor role since they very rarely attain the heights and periods 
necessary to suspend bottom sediment.
2-3. Discussion and Mathematical Analysis
Much work has been done addressing the mechanisms o f the ETM that are 
associated with the head o f  salt intrusion. However, little can be found which addresses 
the mechanisms o f the STM, even though this kind o f phenomenon has also been 
observed in many other systems (Roberts and Pierce 1976; Biggs et al. 1983; Buller 
1975; Jay and Musiak 1994). Then, what are the major causes o f the STM in the York 
River?
Although data show that the location o f the STM changes according to different 
river discharges, this STM was observed to be well associated with the first stratified 
region seaward o f  the ETM. This association shows up in most o f the slack water survey 
results, which suggests that it is not a simple coincidence. In order to explain the 
phenomenon, a mathematical analysis may be used to show if  there exists a theoretical 
explanation.
Suspended sediment concentration in the water column varies at a rate equal to 
the rate o f  sediment supply minus the rate o f losses. Sources are from the river, from the 
upriver estuarine flow, or from the bottom through erosion or resuspension, whereas 
sinks include seaward advection, diffusion and settling. The mass conservation equation 
for suspended sediment may be written as:
SC dCu SCv 5 C (w -w ) S , ,  SC, S „  SC, S S C ,
—  = ------------------------   —+ — (/: — ) + — (kv— ) + — ( £ .— ) (2-2)
dt dx dy dz dx dx dy dy dz ' dz
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where C denotes the suspended sediment concentration in the water column, x is along 
the channel and positive upriver, y is the across-channel coordinate pointing to northeast 
direction, z is positive upward, u, v, and w are the flow velocity components in the x, y, 
and z directions respectively, Kx, K.y and Kz are the diffusivities in the x, y and z 
directions, and ws is the settling velocity o f the suspended sediments. The process of 
horizontal sediment diffusion (x and y directions) is usually considered to be less 
important (Nichols and Thompson 1973) and can be neglected. In addition, if it is further 
assumed that the channel is narrow enough so that the distribution o f suspended sediment 
is homogeneous in the transverse direction. After averaging the equation over a tidal 
cycle, one obtains:
dC dCu d C (w -w  ) d ft,  dC.
—  = ---------------- -------- — + — (K . — ) (2-3)
dt dx dz dz dz 1 }
where the over bar denotes averaging over one tidal cycle. If  it is assumed that there 
exists a bottom layer where the vertical profile o f  both the TSS concentration and the 
along-channel velocity are constant, then integrating equation 2-3 over the bottom layer, 
one yields:
dCb dCbub flux. E - D
— -  = -— — -  + ---------------  (2-4)
dt dx hb hb ( ’
where the subscript 'b' denotes the bottom layer, hb is the depth o f the bottom layer, and E 
and D are the bed sediment erosion and deposition rate, respectively. fluxt is the TSS flux 
at the top o f  the bottom layer, which is the balance between vertical advection, upward 
sediment diffusion and downward sediment settling.
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If  it is assumed that the velocity and suspended sediment concentration are the 
sums o f  the mean (or residual) and the tidal component, i.e.,
u = u + u' C = C + C' (2-5)
then, equation 2-4 becomes:
dCb _ — dub - d C b dub'Cb' flux, E - D
—  ~ ^ b  -  W6 -  ~ +  , (2-6 )dt dx dx dx hb hb
dC
If  an STM occurred in the bottom layer of the middle part o f the estuary, — -  should be
dx
zero exactly at the peak o f  the bottom TSS concentration (Fig. 2-13). Therefore, in the
dC
formation period o f the STM (i.e. > 0), four processes may contribute to the
increase o f  the TSS within the zone of the STM:
1). Convergent bottom residual flow. This is indicated by the first term on the 
right hand side o f equation 2-6.
The ETM is often attributed to the opposing direction o f the bottom residual flow 
around null point. However, convergent bottom residual flow can also occur where there 
is a upriver decrease o f the strength o f the residual circulation. Hansen and Rattray 
(1965) derived an analytical model for the vertical profiles o f gravitational circulation 
and salinity at the central region o f the estuary, assuming a laterally homogeneous and 
partially-mixed estuary o f rectangular cross section. Their model represents the 
gravitational circulation as the sum o f three modes: (1) the river discharge mode; (2) the
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density current mode; and (3) the wind stress mode. If the wind stress is absent, the 
velocity profile depends on the value o f one non-dimensional number y*R a, where y 
represents the diffusive fraction o f  the total upriver salt flux and Ra is an estuarine 
Rayleigh number which has the form o f Ra = gkS0£>3 / AvK h0. So is a reference salinity,
and Kho is a reference horizontal diffusivity. As depth, D , increases seaward, the water 
column becomes more stratified, and vertical eddy viscosity Av decreases, thus Ra 
increases. The value o f y, however, can be determined by both Ra and another non- 
dimensional number, M  = K vK h0B 2 / R 2. B is the width o f  the channel and R is the river 
discharge. M decreases seaward since the vertical diffusivity, Kv, decreases as the 
stratification become stronger. From the solution curve for y after Hansen and Rattray, y 
decreases as Ra increases and M decreases. The decrease o f y compensates for some of 
the increase in Ra, but the product o f y*Ra still increases seaward as channel depth 
increases and turbulent mixing is inhibited by stratification. As a result, the seaward more 
stratified area will have stronger gravitational circulation than its upriver counterpart, and 
convergence o f the flow likely exists at the transition zone between the upriver well- 
mixed and the seaward stratified regions o f the York River. In fact, this is also in 
accordance with the result o f the three-dimensional numerical model applied to the York 
River system, which will be discussed later in detail. Therefore, the convergence o f 
bottom residual flow is likely to lead to the formation o f the STM.
2). Convergent sediment fluxes due to tidal asymmetry, which is represented by 
the second term on the right hand side o f equation 2-6.
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This mechanism is related to the non-linear interaction between the tidal flow and 
TSS variation over tidal cycles. Tidal effects on the turbidity maximum have mostly been 
discussed in macro-tidal estuaries (Allen et al. 1980; Simpson et al. 1990; Uncles and 
Stephens 1993; Grabemann et al. 1997). Few authors have attributed the turbidity 
maximum to pure tidal effects in micro-tidal estuaries. Estuarine circulation is the most 
attributed mechanism to cause the ETM in micro-tidal estuaries. In fact, several tidal 
features have complex relations with the density circulation. Tidally induced variations in 
mixing and stratification could modify the horizontal density gradient, which is the 
forcing function o f the estuarine circulation. A residual accumulation o f water in the 
estuary during increasing tidal range and a residual seaward discharge during decreasing 
tidal range could also modify the residual flow. This study differentiates the mechanisms 
by a tidal mean and tide components, so that the indirect tidal influence on sediment 
transport discussed above is simply included in terms o f residual flow. The tidal effect 
considered here is due to the non-linear interaction between the tidal flow and TSS 
variation within a tidal cycle, which is hereafter called tidal asymmetry. Tidal asymmetry 
can be caused by either the non-symmetrical distribution o f  TSS field over flood-ebb 
tidal cycle or, by the asymmetry o f the tide itself. Much higher TSS concentration was 
observed during maximum flood than ebb (Friedrichs et al. 1999), possibly due to the 
phenomenon o f  tidal straining (Simpson et al. 1990). During ebb, the water column is 
more stratified and hence the turbulence is inhibited. As a result, resuspension o f  bed 
sediment during ebb tide is not as strong as during flood. This results in net upriver 
sediment transport (Friedrichs et al. 1999). In the upriver region o f  a well-mixed water
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column, little upriver sediment transport by this mechanism is expected. Again this will 
result in the convergence o f sediment flux. Currently, there is not enough field data to 
show the sediment transport gradient over the region o f the STM due to this mechanism 
even though this could also be the cause o f the STM.
3). The net introduction o f suspended sediment from the upper layer o f the water 
column (i.e. downward sediment settling is stronger than the upward transport). This is 
indicated by the fourth term on the right hand side o f equation 2-6.
The STM was often observed to occur in the first stratified region seaward o f the 
ETM. If it is assumed that TSS settling velocity is spatially invariant, a stronger 
downward sediment flux is expected if upward turbulent diffusion is inhibited by 
stratification in the water column. As a result, the vertical distribution o f TSS 
concentration would be more uniformly distributed at the upriver side o f the STM, and 
more confined to the bottom layer at the seaward side, if  this mechanism were o f much 
importance to the formation o f  the STM.
4). The net introduction o f suspended sediment from the bed (i.e. sediment 
erosion is stronger than deposition). This comes into play through the fifth term on the 
right hand side o f equation 2-6.
The STM was observed to move back and forth within the middle part o f the 
estuary over muddy beds. The area was reported to undergo strong sediment activities 
(Brown et al. 1938; Nichols et al. 1991; Dellapenna et al. 1998). In addition, the variation 
o f TSS concentration over the spring-neap tidal cycle and the observed positive excess 
shear stress within the area (Maa and Kim, in review) suggest that sediment resuspension
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plays an important role in the formation o f the STM. However, non-divergent sediment 
transport is still required to maintain or move the STM around.
acT
As the STM develops, — -  becomes positive at the seaward side o f the STM,
dx
dC
and negative at the upriver side (Fig. 2-13). The absolute value o f — -  increases as TSS
dx
accumulates in the STM zone. If steady state o f tidally mean TSS concentration is to be
achieved around the STM zone, then equation 2-6 can be rearranged to give:
dCb = Q d u b dub'Cb' flux, < E - D
dx ub dx ub dx ubhb ubhb
All terms in the equation are essentially the same as those in equation 2-6 except for = ,
so same discussion applies. Since ub is usually positive (upriver) in the middle part o f
the estuary, convergent sediment transport at the seaward side o f  the STM and divergent 
sediment transport at the upriver side are required to maintain the STM. In fact, if the 
STM approaches to steady state and if net sediment fluxes are upriver in the bottom layer 
o f the middle part o f the York River, the STM would be located in places with minimum 
net sediment fluxes.
The analysis assumes that the flow field can be decomposed into the mean and the 
tidal component. In fact, several tidal constituents other than M2 are significant in the 
York River, which makes the analysis o f the mechanism o f  tidal asymmetry more 
complex. Jay and Musiak (1994) suggested that the overtide components are also
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important since the excess bed shear stress and the TSS concentration have frequencies 
twice that o f the flow field. This study emphasizes the mean flow and qualitative analysis 
to reveal the mechanisms o f the STM since observation shows that there is a strong 
association between the STM and the stratification field. Data from an intensive survey 
will be analyzed in Chapter 3 to further examine the role o f tidal asymmetry in the 
formation o f the STM. A numerical model will also be used in Chapter 4 for further 
investigations.
2-4. Summary
Data from two years o f monthly slack water surveys show that, in addition to the 
ETM, there often exists a STM in the near-bed TSS field seaward o f the primary one. 
This STM was observed in more than half o f the surveys, with locations varying from 20 
to 40 River km.
The suspended sediment concentration in the ETM zone is on the order o f  102 mg 
f l. Different from former reports o f other sub-estuaries o f Chesapeake Bay such as the 
James and Rappahannock Rivers, salinity in the ETM zone were observed to range from 
near zero to as high as 12 psu. The data also show that the suspended sediment 
concentration in the ETM zone is generally higher when river discharges are high. The 
ETM forms near the head o f salt intrusion after either freshet or flooding by strengthened 
estuarine circulation. It then shifts upriver, though lagging behind, with salt intrusion as 
river flow diminishes. At the same time the intensity o f the ETM is reduced through 
particle settling, decreasing strength o f bottom flow convergence, and increased mixing 
(as a result o f reduced stratification).
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Although the secondary turbidity maximum has also been observed in many other 
estuaries, the mechanism remains unclear. The location o f the STM in the York River 
shows a very good relationship with the transition between the upriver well-mixed and 
the seaward partially-stratified water column in the middle part o f the York River. A 
mathematical analysis shows that the accumulation o f tidally mean TSS concentration in 
the bottom layer o f the water column depends on four processes. First, an upriver 
decrease o f bottom residual flow can lead to increased TSS concentrations in the region 
of the STM. Secondly, a landward decrease o f the upriver sediment fluxes due to tidal 
asymmetry is also likely to cause the formation o f the STM. Thirdly, turbulent diffusion 
inhibited by stratification can lead to more sediments settles to the bottom layer and 
hence an increased TSS concentration in the zone o f  the STM. Finally, strong bed 
sediment resuspension may be an important source o f TSS in the STM.
During high river inflow, the ETM is associated with the head o f salt intrusion, 
the water column is more stratified and the STM either is very close to the ETM or is 
absent. During low river inflow, salt intrudes farther upriver, the ETM moves upriver as 
well, but lags behind the head o f salt intrusion. The water column is better mixed for 
most o f the York River and the STM moves seaward.
Spring and neap tide variation seems to have little impact on the location o f the 
STM, except that its magnitude is much higher during spring than during neap. The 
available data for the comparison were obtained during relatively high river inflow when 
the signal o f river discharge may mask that o f the spring-neap tidal variation.
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Table 2-1 Summary of ETM/STM distributions during slack water surveys
Date
Turbidity Maximum 
(STM/ETM)
Salinity Q at 
Pamunkey 
(cfs)
Former 
peak 
(date: Q)
Tide*
Position 
(River km)
Magnitude
(mg/L)
Surface Bottom
08/07/96 52.62 102 4.4 5.0 436 08/01:
1350
Nl
09/12/96 52.62 112 2.6 4.4 6910 09/09:
13400
SS
10/17/96 36.95 104 5.1 7.8 669 10/11:
5660
2N
11/13/96 29.26 / 
52.62
150.5/
235
13.1 / 
2.7
15.8/
3.8
1400 11/10:
5480
S2
01/16/97 19.21/
52.62
71.8/
113.5
12.9/
1.8
14.0/
2.0
1580 01/14:
2030
Nl
02/12/97 29.26 / 
47.62
98.7 /
102.5
7 .9 /
1.8
10.5/
2.5
1940 02/10:
2480
2N
03/24/97 47.62 / 
57.69
365 / 
251
3 .2 /
0.3
5 .7 /
0.4
1700 03/21:
5040
SSI
04/11/97 36.95 104.8 9.1 11.6 853 04/06:
1250
3N
05/07/97 36.95 / 
50.47
481 /
179
9 .6 /
4.9
11.0/
5.8
721 04/29:
4140
LSI
07/23/97 36.95 /
61.96
130.6/
78.75
14.4/ 15.5/
5.3
270 3N
08/20/97 50.47 89.2 13.0 13.4 163 — N2
09/19/97 19.21 / 
61.96
4 6 /
96.7
23.0/
8.2
24 .1 /
9.4
117 N3
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Table 2-1 Summary o f ETM/STM distributions during slack water surveys (Continued)
10/20/97 19.21/
57.69
9 3 /
145.7
23.5 /
13.1
24 .3 /
13.1
599 . . . . 3N
11/05/97 19.21/
78.16
44.1/
104.3
22.5 /
2.5
24 .3 /
2.7
276 2N
11/29/97 70.27 106 0.2 0.2 561 11/24: 
1390
SS
01/21/98 61.96 63.75 0.7 7.5 1290 01/18:
3000
Nl
02/19/98 29.26 / 
52.62
4 8 .2 /
55.25
4.1 / 0.1 12.1 / 
0.1
9430 02/07:
16400
N
03/31/98 29.26 / 
47.62
100/
98.1
2.1 / 0.1 7 .2 /
0.1
1340 03/23:
15500
3N
04/03/98 19.21 / 
47.62
110.5
/131.5
6 .6 /0 .4 14.1 / 
0.5
2310 03/23:
15500
N
04/14/98 21.08/
57.69
108/
179.5
1350 04/06:
4890
SS3
05/18/98 35.24/
57.69
4 9 /
125.5
5 .0 /0 .1 10.7/
0.1
956 05/11:
6750
N
06/16/98 61.96 97.3 0.6 0.7 1070 — IN
07/14/98 36.95 / 
52.62
363.5 / 
105.5
204 2N
*: N stands for neap tide and S spring tide; SS stands for small spring tide and LS large 
spring tide; xN (xS) is x days before neap (spring) and Nx (Sx) is x days after neap 
(spring).
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Fig. 2-1. Daily mean river discharge records at a) upstream Pamunkey 
and b) upstream Mattaponi from 08/01/96 to 07/31/98.
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Fig. 2-2. Spatial and temporal distributions o f salinity at a) one meter below 
the surface and b) one meter above the bottom during the slack water 
surveys (* represents data points).
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Fig. 2-3. Spatial and temporal distributions o f total suspended sediment 
(TSS) concentration (mg l"1) at a) one meter below the surface and b) one 
meter above the bottom during the slack water surveys (* represents data 
points).
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Fig. 2-4. Spatial and temporal distributions o f  particulate fixed solids (PFS) 
concentration (mg l '1) at a) one meter below the surface and b) one meter 
above the bottom during the slack water surveys (* represents data points).
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Fig. 2-5. Spatial and temporal distributions o f  potential energy anomaly, <t>, 
(Joule/m3) during the slack water surveys.
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Distance from York River Mouth (km)
Fig. 2-6. a) Surface and bottom total suspended solids (TSS) 
concentration and b) vertical salinity distributions along the York- 
Pamunkey Rivers on November 13, 1996 (example 1 o f high river 
discharges).
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Fig. 2-7. a) Surface and bottom total suspended solids (TSS) 
concentration and b) vertical salinity distributions along the York- 
Pamunkey Rivers on March 31, 1998 (example 2 o f high river 
discharges).
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Fig. 2-8. a) Surface and bottom total suspended solids (TSS) 
concentration and b) vertical salinity distributions along the York- 
Pamunkey Rivers on September 12, 1996 (example 3 o f high river 
discharges).
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Fig. 2-9. a) Surface and bottom total suspended solids (TSS) 
concentration and b) vertical salinity distributions along the York- 
Pamunkey Rivers on September 19, 1997 (example 1 o f low river 
discharges).
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Fig. 2-10. a) Surface and bottom total suspended solids (TSS) 
concentration and b) vertical salinity distributions along the York- 
Pamunkey Rivers on October 20, 1997 (example 2 o f low river 
discharges).
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Fig. 2-11. a) Surface and bottom total suspended sediment (TSS) 
concentration and b) vertical salinity distributions along the York- 
Pamunkey Rivers on November 5, 1997 (example 3 o f low river 
discharges).
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CHAPTER3
Intensive Survey
3-1. Introduction
The secondary turbidity maximum was observed in majority o f the monthly slack 
water surveys conducted from August 1996 to July 1998. However, the time interval of 
the observation is too coarse to show the temporal variation o f the TSS field over tidal 
cycles. In order to explain the relationship between the location o f the STM and the 
transition zone between upriver well-mixed and seaward partially-stratified water 
columns, a mathematical analysis had been carried out which assumes the channel is 
narrow enough so that lateral sediment transport is not significant. A thirteen-hour 
intensive survey was conducted on June 18, 1998 in order to yield the temporal and 
spatial variation of TSS distributions and to examine the significance o f lateral sediment 
transport in the middle part o f the York River. The river discharge during the intensive 
survey was recorded (by USGS) to be 1080 cfs (30.6 cms) in the upstream Pamunkey 
River, and 588 cfs (16.7 cms) in the upstream Mattaponi River. Both the discharge 
records are similar to the long-term mean. The tidal phase during the intensive survey 
was at near-neap.
Three cross transects were selected (Fig. 3-1) in the middle part o f  the York 
River. Transect I (21.08 River km) is near the upriver boundary o f  the STM observed
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during slack water surveys, and Transect III (35.24 River km) is located near the seaward 
end. Transect II (29.26 River km) is at the middle o f this region with a unique cross- 
sectional geometry where a main channel and an old channel coexist. The main channel 
is at the northeast side o f  the river with about 12 meters in depth. The old channel is 
separated from the main channel by an abandoned oyster reef with an average depth of 
approximately 5 m and 1 km in width. The floors o f both transect I and III are molded 
into channels 10 to 13 meters deep bordered by submerged shoals (Fig. 3 -1(b)). However, 
merged from the old channel and the main channel, the width o f the channel (depth > 5 
m) in Transect III is about twice that o f transect I and transect II. As the result of 
manpower constraints and requirement o f a moderate density o f stations in transects, 
three stations were selected in each transect with one station located in the main channel 
and two stations in the shoal areas.
Two boats (Boats A and B) were used to carry out the survey and another one 
(Boat C) for shuttling purpose. Boat A went between Transect I and II to collect water 
samples and CTD profiles at each station once every two hours. Boat B stayed at 
Transect III and used OBS, CTD, LISST and Marsh M cbimey EMCM (electro-magnetic 
current meter) to get TSS concentration, sediment size distribution, salinity, and current 
velocity profiles at each station once every two hours. The wind data were recorded at 
Gloucester Point. The whole survey covered one tidal cycle (13 hours).
A slack water survey was conducted on June 16, 1998, two days before the 
intensive survey, to discern the along-channel TSS distribution patterns in the York 
River.
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Lateral velocity component is very hard to measure using on-boat current meters 
since boat motion may introduce a higher level o f noise than lateral velocity itself. In 
order to get a more accurate measurement o f the flow field in this region, especially 
where the typical geometry setting o f  two channels coexist, three S4 current meter strings 
were deployed as mooring stations in Transect II. Again, one station is in the main 
channel (station II-3) and one in the old channel (station II-1) with another on the old 
oyster reef (station II-2) (Fig. 3 -1(b)). Velocities were recorded at one meter above the 
bottom and one meter below the surface at the old channel station. Velocity at only one 
depth, one meter above the bottom, was recorded at the oyster reef station due to its 
shallow depth. At the channel station, three S4’s were deployed at one meter below the 
surface, mid-depth and one meter above the bottom. Also, an ADP was deployed at the 
channel station in Transect III (station III-2) to investigate the longitudinal variation of 
currents in the channel. All these current meter deployments covered one spring-neap 
tidal cycle.
3-2. Results
The data used for this study include salinity, TSS concentration and current 
velocity. No special processing was carried out when using the salinity data from CTD 
profile and TSS concentration data from water samples. For velocity data, since both S4 
strings and ADP were deployed for over 14 days, close examination and analysis has 
been done to eliminate the bad data.
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3-2-1. Velocity
Velocity data from mooring stations (station II-1, II-2, II-3 and III-2) were 
retrieved fully for a time period covering a spring and neap tidal cycle. Velocity data 
during the intensive survey was obtained within this set o f data also.
Stick-plots o f velocity data were first made for each time series data set to spot 
the bad data points (Appendix 1), and bad data points were eliminated from the data sets 
before further analysis. The specific bad data points include those during the instrument 
deployment and retrieval. A noticeable phenomenon is that current speed at station II-l-B 
(B stands for bottom) appears unusually high, with a magnitude o f 1 m/s, and greater than 
both II-l-T  (T stands for top) and II-3-B (channel station). The current direction at II-1 -B 
is not purely in the ebb-flood direction. Sometimes the across channel current component 
can be very high. Whether this phenomenon is real or caused by instrument error is not 
clear.
Second, the principal axis (PA), the axis along which the longitudinal component 
o f the current is maximized, is then determined for each location as follows:
P A - 0 . 5 . a n - ' ( I p S  (3-1)
V - u
where PA is the principal axis relative to true north, u is the east-west component, v is the 
north-south component, and overbars indicate averaging over all data. The data points 
were then divided into two groups by a line perpendicular to the principal axis. Flood and 
ebb axes were determined by calculating the average vector direction for each group 
respectively. Results are listed in Table 3-1. The axes for either flood or ebb deviate from
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their principal axes (PA) only about 2 to 3 degrees, except stations II-3-B and II-3-M (5-6 
degrees). PA for channel stations o f both transect II and III are similar. Indeed, the river 
course o f the mid-York is relatively straight, which may result in a similar PA along this 
part o f the river. However, within transect II, the PA for stations I and 2 are quite 
different from the channel station (about 11 and 17 degree’s difference respectively), 
which may be due to the local geometrical settings.
After the PA is determined for each set o f data, the along channel (UA) and across 
channel (UC) velocity components can be calculated as:
UA = speed  * cos {dir -  PA)
UC = speed * sin (dir -  PA)  ^ ^
Figures 3-2 and 3-3 are selected velocity plots during the intensive survey in 
transect II and at station III-2 respectively. Several qualitative characteristics may be 
observed from along-channel current fields: 1) Shallow station has a phase lead over deep 
station. At transect II, station 2 has an apparent phase lead over stations 1 and 3, and 
station 1 has a slight phase lead over station 3 at the surface. 2) The change of direction 
from flood to ebb or from ebb to flood starts from the bottom, the direction change of 
upper layer takes place at a later time. 3) Maximum o f ebb usually happens right at the 
surface, while maximum o f flood often takes place at a greater depth.
For across-channel flow, different stations have different characteristics. At shoal 
stations o f  transect II, during ebb, the currents seem to have components towards the 
shoal area (southwest), and during flood, they direct toward the channel (northeast). At 
channel station o f transect II, the surface flow tends to have the same direction as those of
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III-2, the surface and bottom velocities also tend to have opposite directions during flood 
and ebb. However, a northeastern lateral current occurs throughout the water column at 
the start o f  flood, on an order o f  10 cm/s. During early ebb, a slightly weaker 
southwestern lateral flow exists throughout the water column (Fig. 3-3). The maximum 
across-channel current velocities at all the stations are usually around 10% o f the 
maximum along-channel flow velocities. It seems that a lateral flow pattern exist during 
the period o f observation. Surface current tends to have a southwestern direction during 
ebb and northeastern direction during flood while bottom current tends to flow in 
opposite direction as the surface current. This feature might be due to the Coriolis force 
that drives the flow to its right hand side (facing the flow direction). Since the Coriolis 
force is proportional to the along-channel speed, the Coriolis acceleration is highest in the 
upper layer o f the water column and lowest near bottom. Therefore, surface flow heads 
towards northeast during flood and heads towards southwest during ebb. To satisfy the 
mass conservation, a counter flow exists in the lower layer o f the water column. The 
importance of Coriolis force in lateral flow can be shown with the Rossby number (Ro),
V 1 / B
which is the ratio o f the inertial force to the Coriolis force. Rn = --------- , where U and V
0 fU
are the along and across channel velocities respectively, and B is the channel width.
/  = 2*ysin^ where co is the angular rate o f  the earth rotation and <j) is the altitude,
positive to the north o f the equator. Since V < 0.1 m/s, B > 1 km, therefore Ro < 0.1. In 
other words, the Coriolis effect is significant in lateral flow. The lateral density 
distribution along a transect close to the transect II was studied by Huzzey (1988) and
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Huzzey and Brubaker (1988). The tilted lateral isopycnals were reported to be in 
accordance with geostrophic predictions. However, their study mainly focused on 
baroclinic forcings across the channel and it was suggested that differential advection 
between the channel and shoal regions could generate strong lateral density gradients, 
which drives the lateral circulation cells and forms longitudinal fronts especially during 
tidal slack times.
Figure 3-4 presents the vertical profiles o f the longitudinal component o f the 
residual velocity at stations III-2 and II-3. Residual velocity refers to the mean velocity 
over the spring-neap tidal cycle. The along-channel residual velocity at station III-2 is 
ebb dominated with the net velocity varies from above 10 cm/s at the surface to slightly 
flood near bottom. At station II-3 the net flow is ebb at one meter below the surface and 
flood at one meter above the bottom. The two mooring stations are both located at the 
northeast side o f the channel due to navigation requirements. The depths o f the two 
stations are about the same. However, the patterns o f residual velocity are quite different, 
which may be due to different cross sectional geometry and will be discussed in detail in 
section 3-3 o f this chapter.
3-2-2. Salinity
Salinity were measured in all three transects during the intensive survey using a 
CTD. There are several features o f salinity distributions (Figs. 3-5, 3-6 and 3-7).
1) The seaward transect has a salinity about 1 to 2 ppt (in average) higher than its 
nearby upriver transect, which represents a horizontal salinity gradient o f the order o f 
2~3xKT* ppt per meter in this region.
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2) Moderate stratification is prevalent in all channel stations during the intensive 
survey, and the shallow water stations tend to be well-mixed or weakly-stratified. This 
may be due to the effect o f bottom friction in shallow areas can penetrate through the 
whole water column to make it well-mixed.
3) Salinity at the northeastern side o f the channel tends to be higher than the 
southwestern side o f the channel. This phenomenon has also been reported in other 
rivers, e.g. James River (Kuo et al. 1990), and has been attributed to the effect o f Coriolis 
force.
4) In shallow stations, the water column is better mixed at slack before flood than 
slack before ebb. In channel stations, stratification exists throughout the tidal cycle, 
pycnocline tends to be highest during slack before ebb and lowest during slack before 
flood.
5) The pycnocline at the channel station o f the most upriver transect (station 1-2) 
resides around 1 to 3 meters below surface at the start o f  the intensive survey. Its depth 
increases in the seaward direction. At station II-3, the pycnocline resides around 2 to 4 
meters below the surface when the survey starts and around 3 to 4 meters below the 
surface at station III-2.
3-2-3. Total Suspended Sediment (TSS)
Water samples were collected and TSS concentrations were determined at one 
meter above the bottom, one meter below the surface, and the mid-depth where the water 
column is deeper than three meters.
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At each station, bottom TSS concentration tends to be higher when current speed 
is higher (Figs. 3-8, 3-9, and 3-10), which indicates that bottom resuspension may be an 
important source of suspended sediment in this region. The highest bottom TSS 
concentration happens during or after maximum flood in transect I and II, and during or 
after maximum ebb in transect III.
Surface TSS concentration tends to be highest during maximum ebb in shoal 
stations and highest at slack before flood in channel stations. In shoal area, the water 
column tends to be well-mixed, the sediment eroded from the bottom has a better chance 
to reach the surface layer o f  the water column. In contrast, the channel stations are much 
deeper so that TSS concentration measured in the surface layer is less influenced by the 
local resuspension, the highest TSS concentration at slack before flood may be due to 
advection from the ETM.
Both surface and bottom TSS concentrations at southwestern shoal stations are 
usually much higher than the corresponding channel stations in transect I and transect II. 
In transect III, only the surface TSS concentration at the southwestern shoal station is 
much higher than in the channel and northeastern shoal stations. This may be caused by 
the different lateral geometrical settings between transects.
3-2-4. Bottom Shear Stress
In order to assess the importance o f sediment flux from the bottom due to 
resuspension, temporal variation o f suspended sediment concentration at one meter above 
the bottom is plotted together with the bottom shear stress (Fig. 3-11). Bottom shear 
stress is calculated assuming a logarithmic velocity profile in the bottom layer o f the
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water column. The logarithmic velocity profile for fully developed rough turbulent 
boundary layers can be expressed by the von Karman equation:
« = — ln(— ) (3-3)
K Z0
where u is the velocity at z (height above bed), u* is the bed friction velocity, and k is the 
von Karman constant which is about 0.4. zo is the hydraulic roughness. Kim et al. (2000) 
compared several schemes to calculate bottom shear stress in the middle part o f the York 
River, and a fixed zq o f 10'3 cm is suggested to be a good estimation for this area. 
Available bottom current observations during the intensive survey include S4 current 
meter readings at one meter above the bed in transect II, and two ADP readings at 0.65 
and 0.90 meter above the bed respectively at station III-2. Fixed zq is used for the 
calculation o f the bottom shear stress. At station II-3, TSS concentration is approximately 
proportional to the variation o f  bottom shear stress except during slack when TSS 
concentration is above 20 mg I*1 although shear stress approaches zero. At stations II-2 
and III-2, TSS concentration also increases when bottom shear stress increases. This 
suggests that bottom resuspension is the major source o f  TSS in the water column in the 
middle part o f the York River. At station III-2, TSS concentration is much higher during 
ebb than during flood while bottom shear stress is higher during flood. The high sediment 
concentration during ebb suggests that there is another TSS source other than bottom 
resuspension which exist at station III-2, probably due to sediment advection from its 
upriver side.
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3-2-5. Along- and Across-channel TSS Fluxes
Along and across channel sediment fluxes are calculated as:
F t = u x C  and F v = v x C (3-4)
where x is along the channel and positive towards flood direction, and y is across the 
channel and positive towards the northeastern side o f the shore, u is the along-channel 
velocity and v is the across-channel velocity. The calculated along and across channel 
sediment flux distributions at station II-3 and III-2 are shown in Figs. 3-12 and 3-13 
respectively. At the shallow station o f II-2, current is recorded only at one meter above 
the bottom, so along and across sediment flux is calculated at this depth (Fig. 3-14). At 
all the three stations, across-channel sediment flux is within 10 percent o f  the along- 
channel sediment flux. However, temporal variation o f TSS concentration is determined 
by the gradient o f sediment flux. An estimate o f the gradient o f along-channel sediment
flux ( — (F r) ) can be obtained by the difference o f along-channel sediment flux between 
dx
station II-3 and III-2 divided by their distance. The gradient o f across-channel sediment
Q
flux ( — (F  ) )  can be obtained using the measurements at station II-2 and II-3. The
dy
maximum gradients o f  the along and across-channel sediment flux are o f the same order 
o f magnitude (10‘3g/m3/s), which indicates that the phenomenon o f the STM in the 
middle part o f the York River is basically a three-dimensional process.
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3-3. Discussion
As presented in chapter 2, using mathematical analysis, four mechanisms were 
proposed as potential causes o f the STM in the middle region o f the York River. The first 
one is the convergence o f the along-channel bottom residual flow. If the strength o f the 
two-layer residual flow is stronger seaward and weakened towards upriver, convergence 
o f bottom residual flow will result in convergence o f sediment transport in this region. 
The residual o f the along-channel current at channel stations II-3 and III-2 are shown in 
Fig. 3-4. A typical pattern o f two-layered estuarine circulation exists at station II-3, but at 
station III-2, tidal current is ebb-dominant from surface to bottom. This suggests that 
bottom residual flow is divergent between stations II-3 and III-2. Both the two stations 
are located in the northeastern side o f the main channel o f the York River, with depths 
around 8 meters (Fig. 3-1). The reason that the residual flow has such different patterns 
between stations II-3 and III-2 may be due to the very different across-channel geometry 
between transects II and III (Fig. 3-1). Unique across-channel geometry exists around 
transect II where an old channel and a main channel coexist. The old channel is about 5 
meters in depth and 500 to 700 meters in width, located to the southwestern side o f the 
main channel. The main channel is about the same width as the old channel with a depth 
around 12 to 15 meters. Transect III is located at the seaward side o f the joining o f the 
main and old channels, as a result, the width o f its main channel is much wider and the 
depth is relatively deeper. Although divergence o f  the residual current exists between 
stations II-3 and III-2, mass conservation requires consistent residual flow between 
transects II and III. In fact, the residual flow at station II-2, which is located in a shallow 
area between the main and the old channel, is ebb-dominant throughout the water
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column. There is a wide portion o f channel in transect III deeper than station III-2, where 
there could be a strong upriver flow to satisfy mass conservation, though there is no data 
to substantiate this. In summary, the divergence o f bottom residual flow between stations 
II-3 and III-2 can not support the first mechanism proposed in chapter 2. More current 
meter stations in transects, particular transect III, are required to prove or disprove this 
mechanism.
The second mechanism is due to tidal asymmetry, either in the TSS field, or 
related to the tidal currents. Since the integration o f tidal deviation o f the current over 
tidal cycles should be zero, the TSS transport due to tidal asymmetry is, in fact, caused by 
the asymmetrical distribution o f TSS concentrations during the flood-ebb tidal cycles. If 
bottom resuspension is the only source o f  TSS concentration in the water column, the 
asymmetry o f TSS concentration over the tidal cycle is either caused by the asymmetrical 
erosion and deposition pattern due to tidal wave deformation (higher maximum flood 
speed than ebb speed and longer duration o f slack after flood than after ebb), or, is caused 
by the phenomenon o f tidal straining (Simpson et al. 1990; Friedrichs et al. 1999). In both 
cases, a net upriver sediment transport will result. Figure 3-15 shows that TSS 
concentration is highest during flood at station II-3 but highest during ebb at station III-2, 
which results in divergent net sediment transport between the two stations. The temporal 
variation o f bottom TSS concentration is roughly proportional to the variation o f bottom 
shear stress at stations II-2 and II-3 (Fig. 3-11). At station III-2, although a lower bottom 
shear stress exists during ebb than flood, higher bottom TSS concentration exist during 
ebb, probably due to advection.
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The third mechanism is inhibition o f turbulence diffusion by stratification. If 
spatially invariant sediment settling velocity is assumed (flocculation is not considered in 
this study), since upward turbulent mixing of TSS is inhibited by stratification, more 
sediment settles to the bottom layer in a more stratified water column. Therefore, this 
mechanism is usually associated with a varying stratification pattern in the salinity field. 
The salinity distributions at channel stations o f  all the three transects (Figs. 3-5, 3-6 and 
3-7) are partially- stratified throughout the intensive survey. The transition zone between 
the upriver well-mixed and the seaward partially-stratified water column is absent in the 
study area. TSS concentration was observed above 90 mg I'1 during maximum flood or 
ebb at one meter above the bottom and around or below 30 mg I'1 at the surface layer 
(Figs. 3-8, 3-9, 3-10 and 3-15). There is no apparent sign o f inhibited turbulent mixing of 
TSS at the seaward transect. Therefore, no proof o f the third mechanism was found 
during the intensive survey.
Erosion rate was not measured during the intensive survey. The proportional 
distribution o f bottom TSS concentration and calculated bottom shear stress indicates that 
bottom resuspension may be an important source o f TSS in the study area. However, 
there is no sign o f  strongest local erosion at certain fixed location, and hence no proof of 
the fourth mechanism occurred during the intensive survey.
A slack water survey was conducted on June 16, 1998, two days prior to the 
intensive survey to help interpret the along-channel TSS distributions during the intensive 
survey (Fig. 3-16). Only one TSS peak appeared around the upriver limit o f  salt intrusion, 
which is the classical ETM. Although the bottom TSS concentration was relatively high 
in the middle part o f the York River, the STM was not apparent in the vicinity o f the
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three transects. Among the four mechanisms examined during the intensive survey, none 
is in favor o f convergent sediment transport in the region. The STM was observed 
(during the two-year slack water surveys) to move back and forth within the middle part 
o f the York River and the magnitude also varied from time to time. This suggests that the 
STM is not in steady state. The variation o f the location and the magnitude o f  the STM 
results from the fact that different processes contribute to the sediment transport field. 
Therefore, the life o f the STM has both a formation period and a dissipation period. 
During intensive survey, none of the major mechanisms is in favor o f the formation of the 
STM in the examined region. As a result, although bottom TSS concentration was 
relatively high (compared to the mouth o f the York River), there was no well-defined 
bottom TSS peak, hence the STM might be in the period o f dissipation at that time.
The mathematical analysis in chapter 2 assumes that the channel is narrow enough 
that the contribution from lateral sediment transport is negligible. However, the observed 
lateral variation o f TSS concentration is significant. Especially at transects I and II, where 
the southwestern shoal is much wider than the northeastern shoal, both surface and 
bottom TSS concentrations at the southwestern stations were often much higher than 
those in the main channel (Figs. 3-8 and 3-9). At transect III (Fig. 3-10), bottom TSS 
concentrations in shoal stations were slightly lower than those in the main channel while 
surface TSS concentration shows a reverse pattern. In order to evaluate the importance of 
lateral sediment transport, along and across channel sediment flux distributions were 
calculated at station II-3 and III-2 (Figs. 3-12 and 3-13). At the shallow station o f II-2, 
along and across channel sediment fluxes were calculated at one meter above the bottom 
only (Fig. 3-14). At all three stations, although across-channel sediment flux is within 10
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percent o f the along-channel sediment flux, the gradients o f the along-channel and 
across-channel sediment fluxes are on the same order o f magnitude. This indicates that 
the transport o f TSS in the middle part o f the York River is a three-dimensional process.
A more sophisticated analysis other than simplified mathematical derivation is needed to 
reveal the nature o f the STM in the middle part o f the York River. A three-dimensional 
numerical model is applied to the York River system to further investigate the 
mechanisms in chapter 4.
Interpolation has been used for the calculation o f sediment flux since the 
measurements o f current and TSS concentration is not at the same time interval. The time 
interval o f water sample collections for TSS concentration is about two hours at each 
station. The real maximum TSS concentration may be missed with such a time interval, 
although the variation pattern should remain. Thus, the calculated sediment flux at each 
station can be viewed only as a rough estimation, giving only the general variation 
pattern and the assessment o f the order o f magnitude. To have more detailed information 
about the hydrodynamic and sediment transport field in the middle region o f the York 
River, use o f a numerical model is an appropriate choice.
3-4. Summary
In order to investigate the intra-tidal variation o f TSS transport in the middle part 
o f  the York River, an intensive survey was conducted on June 18, 1998. The four 
mechanisms proposed in chapter 2 were examined using the survey data. None was found 
to support convergent sediment transport in this region. No well-defined STM, or a
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dissipating STM was observed on the June 16 slack water survey in the vicinity o f the 
intensive survey, which is in accordance with the absence o f the mechanisms.
Results from the intensive survey show that the temporal variation o f bottom TSS 
is usually proportional to the variation o f bottom shear stress, which indicates that bottom 
sediment resuspension is an important source to the TSS in the middle part o f  the York 
River. Lateral variation o f TSS concentration was observed to be high in both transect I 
and transect II. Although across-channel sediment flux is about 1/10 o f the along-channel 
sediment flux, since the width o f the channel is also about 1/10 o f the distance between 
transects, the along and across channel gradient o f  sediment fluxes are o f the same order 
o f magnitude. It is the gradient o f sediment fluxes that determines the accumulation of 
TSS in a certain region. Therefore, the lateral sediment transport is not negligible, and the 
sediment transport in the middle part o f the York River is a three-dimensional process.
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Table 3-1. Principal axis o f intensive survey stations.
Station # Principal Axis Flood Axis Ebb Axis
II-l-T 328.47 329.84 146.76
II-2-B 334.05 337.67 151.49
II-3-T 315.23 310.18 140.57
II-3-M 319.84 313.00 147.77
II-3-B 316.79 315.08 139.42
III-2-T 321.46 318.44 143.09
III-2-M 319.27 317.16 141.19
III-2-B 317.13 317.10 137.15
II-3 (combined all depths) 317.37 312.51 143.21
III-2 (combined all depths) 319.75 317.62 141.48
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the intensive survey (positive is to the northeastern shore).
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CHAPTER 4
Model Investigation
4-1. In troduction
The benefits o f numerical models are that they not only can give detailed 
information o f  salinity and velocity field, which otherwise would require numerous 
elaborate field surveys, but also can supply estimates o f the contribution o f individual 
processes through sensitivity analysis.
VIMS three-dimensional Hydrodynamic-Eutrophication Model (HEM-3D) (Park 
et al. 1995; Shen et al. 1998; Shen and Kuo 1999) was used to simulate sediment 
transport in the York River system. The hydrodynamic portion o f HEM-3D is the 
Environmental Fluid Dynamics Code (EFDC) developed by Hamrick (1992, 1996). The 
model solves the Navier-Stokes equations for a domain with a free surface boundary 
condition using the vertically hydrostatic assumption. The model uses Mellor and 
Yamada’s level 2.5 turbulence closure model (Mellor and Yamada 1982) modified by 
Galperin et al. (1988). Turbulent kinetic energy and turbulent length scale are solved 
using dynamically coupled transport equations. Sigma vertical coordinates and Cartesian 
or curvilinear-orthogonal horizontal coordinates are used in the model. Throughout the 
main stem o f the York River, the horizontal resolution is 250 m. Varying-grid sizes are
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used in the Pamunkey and Mattaponi Rivers (Fig. 4-1). The model has 8  vertical layers,
which divide the local water depth equally.
The sediment transport model is coupled with the hydrodynamic model with the 
same time resolution. The governing equation for the total suspended sediment 
concentration in the water column is:
where C is the TSS concentration in the water column; x and y are the horizontal 
coordinates and z is the vertical coordinate positive upward; H is the water depth, u, v, w 
are the water velocity components in x, y, z directions, respectively; ws is the typical 
sediment settling velocity in the York River system, and kh and kz are the horizontal and 
vertical turbulent diffusion coefficients, respectively. mx and my are the square roots o f 
the diagonal components o f the metric tensor for the scale factors o f the horizontal 
coordinates, m = mxmy is the Jacobian or square root o f the metric tensor determinant.
At the water surface, no sediment flux is allowed, and the boundary condition is:
dmHC dmyHCu dmxHCv dm C (w -w s)
 1 1 1 1-------------
dt dx dy dz
(4-1)
wt C + k, —  = 0 
dz
(4-2)
The bottom boundary condition for sediment flux is:
w C  + k . —  - D - E  
'  dz
(4-3)
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where E is the mass o f sediment eroded from bottom per unit bed area per unit time, also 
known as the erosion or resuspension rate; D is the mass o f sediment deposited to bottom 
per unit bed area per unit time, or the so-called deposition rate. The water contents o f 
bottom sediments in the main stem o f the York River vary from 60 to 80% (Dellapenna 
1999), and the bottom sediments are mainly composed of silty clay (Nichols et al. 1991, 
Dellapenna 1999). Thus, according to Mehta et al. (1989), the erosion rate for cohesive 
sediment can be simulated as:
where Tb is the bed shear stress, M is an empirical constant with the same unit as E; and 
Tec is the critical shear stress for erosion.
The deposition rate D is calculated as: D = PwsCb. P is the probability of 
deposition, o f  which different forms have been adopted by different modelers (Sanford 
and Chang 1997; McDonald and Cheng, 1997; etc.). Cb is the sediment concentration
r   f
near the bed. A commonly used formulation to define P is P  = — ------  if  bed shear
?dc
stress is less than a critical shear stress for deposition (idc) and P = 0 if  the bottom shear 
stress is higher. The model calculates D as:
E = , M (— ~ 1) / ° r r i > r eca^r-ec (4-4)
0  f o r t b < rec
l dc
0  fo r r dc < rb
f 0 r T dc >  h (4-5)
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Constant values o f  the empirical parameters (e.g. M, tec, tdC) were used within the 
model domain (Table 4-1). The model simulates one class o f the cohesive sediments with 
specified sediment settling velocity.
A bed sediment model in the HEM-3 D keeps track o f the deposited sediments at 
the bed o f each cell o f the model grid. Therefore, the sediment resuspension can be 
limited by the amount o f the sediments at the bed. This feature was used in the model 
sensitivity studies described later this chapter.
4-2. Model Experiments
The HEM-3D model for the York River system has been calibrated in terms o f 
tidal behavior and salinity distributions (Sisson et al. 1997; Shen et al. 1998). A 
comparison o f mean tidal ranges and high and low tide lags between the model results 
and NOAA/VIMS data is presented in Fig. 4-2. The coupled sediment model is used in 
this study mainly for diagnostic purpose. Simulations o f three historical periods were 
conducted first to enable comparisons between data and simulated results. Sensitivity 
studies were then carried out for the analysis o f important sediment transport mechanisms 
that are responsible for the formation o f the STM in the middle part o f the York River.
4-2-1. Prototype Simulations
Three periods were selected from the slack water survey results to represent 
different TSS distribution patterns in the middle part o f the York River (Fig. 4-3). First, a 
survey on February 12, 1997 showed two distinct bottom TSS peaks with one associated 
with the head o f salt intrusion and the other in its seaward site where the water column 
become partially-stratified. Then, a March 24, 1997 survey showed that two TSS peaks
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were very close together and the water column was more stratified. The result from slack 
water survey on September12, 1996 was chosen to represent the case that only one TSS 
peak was observed which was associated with the head o f  salt intrusion.
At the open boundary, tidal elevation data was obtained from the NOAA 
database, vertical distributions o f salinity and suspended sediment concentration were 
linearly interpolated between slack water survey data from VIMS and data collected by 
the Chesapeake Bay Program. At the upriver end o f the model, two USGS gauging 
stations, one on the Pamunkey River nearby Hanover and the other on the Mattaponi 
River nearby Beulahville, provided the daily mean freshwater discharge record. There is 
not enough data o f suspended sediment concentrations introduced at the fall line o f the 
Pamunkey and Mattaponi Rivers. A seven-parameter log-linear regression model 
(equation 4-6) used in estimating loads o f water quality constituents in tributaries of 
Chesapeake Bay (Cohn et al. 1992; Belval et al. 1994) was selected here to estimate the 
suspended sediment concentrations introduced at the upriver end o f the Pamunkey and 
Mattaponi Rivers.
ln(C) = A  + A  In( Q/ Q)  + J32[\n(Q/Q)]2 + /?3 ( r - f )  + f iA{ T - f ) 2 
+ /Tj sin(2 ^T ) + / ? 6 cos(2 ^T) + s
where In ( )  denotes the natural logarithm function, Q is the discharge, and T is the time 
measured in years. The errors, e, are assumed to be independent and normally distributed
with zero mean and variance a c2. Q and T  are centering variables which are defined in 
equation 4-7 and 4-8.
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jv
X ( 7 - - r ) > Z< a - e ) !
r = r + i= ! (4-7) Q = 0  + (4-8)
iV
2 Z ( 7 - - n ! 2 l ( 0 - 0 ) !
1=1 1=1
,v
where T ^  7) and 2 = 7 7 X 0  . The /? are parameters o f the model which were
N ,=1 /V ,=|
estimated based on the discharge and sediment load data from USGS (1979-1994). The 
calculated values are listed in Table 4-2.
A, February 12. 1997 simulation results
The simulation period starts from January 1, 1997 to accommodate the need o f the 
model to reach equilibrium from the zero initial condition o f velocity and tidal height.
The initial condition for salinity is based on the slack water survey data on January 16, 
1997 and the suspended sediment concentration was initialized to 20 mg/1 within the 
model domain. The period o f simulation before the model reaches equilibrium is often 
referred to as "spinup".
Figure 4-4 (a) shows the comparison o f along-channel salinity distributions 
between the model results and the survey data at slack before flood on February 12, 1997. 
The model results roughly agree with the data. The time difference o f slack before flood 
between the York River mouth and West Point (53 River km) is about two and half 
hours, as shown in Fig. 4-2. However, the time span for the slack water surveys from the 
York River mouth to West Point varies between two and half hours to more than three 
hours. It took about two and half hours to reach West Point on February, 1997, which 
caught the slack time at each station. Both the data and model results show that the water
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column is well-mixed near the head o f salt intrusion and becomes partially-stratified 
seaward. However, the model results have a tendency to be slightly more stratified. 
Turbulence introduced from wind wave is not included in the simulation, which might 
contribute to the slight over-stratification.
The simulation o f TSS requires a specification o f  an initial bed sediment source in 
the model. Unlimited bed sediment source is assumed and specified as the initial 
condition. Figure 4-4 (b) shows the comparison of along-channel TSS distribution 
between the model results and the survey data. The model results o f TSS distribution 
roughly agree with the data. Two distinct bottom TSS peaks appeared to represent the 
ETM and the STM. The ETM is associated with the 3-ppt isohaline and the STM located 
in its seaward more stratified region.
B. March 24. 1997 simulation results
The model continued to run from the previous simulation untill March 24, 1997.
Figure 4-5 (a) shows the comparison o f along-channel salinity distribution 
between model results and the slack water survey data. Again, the model results plotted 
in Figure 4-5 (a) is salinity distributions at slack before flood for each station along the 
river, which represents a two and half hours difference between the mouth and West 
Point. It took about three hours for the slack water survey to reach West Point, where 
water had started to flood. The fact that the observed data showed more upriver salt 
intrusion than that o f the model around West Point may be due to this time difference. 
The water column is very stratified in the lower to middle part o f the estuary. It is only 
around the head o f salt intrusion the water column become well-mixed.
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Figure 4-5 (b) shows a comparison o f along-channel TSS distribution between 
model results and the data from the slack water survey. The measured STM moved about 
18 km upriver from its location on February 12, and the ETM moved about 10 km 
upriver. As a result, the STM and the ETM now are located very close together. The 
model results o f  surface TSS concentration tends to be much higher than the 
measurements at upriver part o f the estuary and lower at the seaward part. This may be 
caused by the assumption that unlimited sediment source exists at the bed throughout the 
model domain. Upriver o f West Point, a nodal point o f tidal propagation exist in the 
Pamunkey River (Fig. 4-2), where bottom tidal current is very strong. This results in high 
bottom shear stress, which leads to a high sediment resuspension rate in this region. 
Turbulence is not inhibited by stratification upriver o f the salt intrusion, and hence TSS is 
uniformly distributed in the water column. As a result, surface TSS concentration is 
almost the same as the bottom TSS concentration. Both the simulated surface and bottom 
TSS concentrations in this region tend to be higher than the data. The slightly over­
predicted stratification may be the reason that the simulated surface TSS concentration 
tends to be lower than the survey data in the lower part o f the estuary.
C. September 12. 1996 simulation results
The simulation period spans from August 1 until September 12, 1996 to 
accommodate the needs for model spinup. The initial condition o f salinity is based on the 
slack water survey data on August 7, 1996 and the suspended sediment concentration was 
initialized to 20 mg/1 within the model domain.
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Figure 4-6 (a) shows the comparison o f  along-channel salinity distributions 
between the model results and the survey data at slack before flood on September 12, 
1996. The model results agree with the data in the lower part o f the York River, again, 
salinity intrudes farther upriver according to the survey data. It took more than three 
hours to reach West Point during the slack water survey on September 12, 1996. The 
discrepancy (between model and field data) o f the salt intrusion in the upper portion o f 
the estuary may be partially caused by the difference o f the time lag o f  the tidal 
propagation and the duration o f the slack water survey. Both the data and model results 
show that water column was well- or partially-stratified throughout the whole estuary.
Figure 4-6 (b) shows the comparison o f  along-channel TSS distribution between 
the model results and the survey data. Only one bottom TSS peak (ETM) appeared in the 
data, which is associated with the head o f salt intrusion. Accordingly, the model results 
show that the two peaks o f bottom TSS concentration almost unite into one. Similar to 
the salinity distribution, the ETM from the model results is located about 5 km seaward 
o f  the observed one.
D. Discussion
In all three cases above, the model simulations o f both salinity and TSS roughly 
agree with the survey data. An upriver well-mixed and seaward partially-stratified 
salinity pattern was reproduced in the model run for February 12, 1997. Stratification 
existed farther upriver on March 24, 1997. A more highly stratified water column on 
March 24 than on February 12 may be due to a higher peak fresh water inflow before the 
survey date (the discharge at the upriver Pamunkey gauge is 5040 cfs (142.7 cms) on
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March 21, 1997 and 2480 cfs (70.2 cms) on February 10, 1997). As fresh water inflow 
decreases (the discharge at the upriver Pamunkey gauge is 1700 cfs (48.1 cms) on March 
24 and 1940 cfs (54.9 cms) on February 12, 1997), the salt intrudes farther upriver. On 
September 12, 1996, the water column was stratified even around the head of salt 
intrusion. The discharge at upriver Pamunkey is 6910 cfs during the survey date and the 
former peak flow is about 13400 cfs on September 9, 1996.
As to the TSS distributions, the model reproduced the two peaks o f bottom TSS 
concentration on February 12, 1997. When stratification occurred farther upriver on 
March 24, 1997, the two peaks moved closer together. On September 12, 1996, only one 
peak was reproduced by the model, which agrees with the survey data. One may notice 
that in the region upriver o f the ETM, both predicted surface and bottom TSS are a little 
higher than the data, which may be due to the unrealistic assumption that there is an 
unlimited bottom sediment supply throughout the model domain.
The three prototype model simulations show that the model used in this study can 
reproduce the basic features o f the STM, the ETM and salinity distributions. It allows 
sensitivity analyses to be conducted to study the mechanisms that contribute to the 
formation o f the STM in the York River.
4-2-2. Model Sensitivity Analysis
The goal o f sensitivity analysis is to examine the model responses to different 
environmental conditions, and hence to estimate the role o f individual mechanisms that 
contributes to the TSS distribution features in the model domain.
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4-2-2-1. The Importance of Bottom Sediment Resuspension
Data from the intensive survey show that bottom resuspension may be an 
important source that contributes to the formation o f the STM in the middle part o f the 
York River. It is assumed that there is an unlimited bed sediment supply in the three 
prototype simulations discussed above. In order to examine the importance o f  bed 
sediment supply to the formation o f the STM, two additional model runs were made for 
the case o f February 12, 1997.
A. No bed sediment supply
In the first model run, zero bed sediment supply was assumed, which means that 
no resuspension was allowed during the simulation period. In this case, if  there were any 
turbidity maximum existent, it would be purely due to convergence o f sediment transport 
through water column processes and the sediment sources would be from freshwater 
input and/or from the marine side.
Figure 4-7 shows the comparison between model results and the survey data of 
TSS distributions along the York River. Except close to the boundary, where TSS 
concentration was specified according to observation data, the simulated TSS 
concentration in most o f the model domain is only about 10 % of the data. The two peaks 
o f the bottom TSS concentration were hardly noticeable. It suggests that bottom 
resuspension is a crucial part o f  sediment transport in the York River system. Without 
resuspension, neither the ETM nor the STM can be formed.
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B, Limited bed sediment supply
Second, limited bed sediment supply was assumed. The model starts from January 
1, 1997 with bed sediment deposit initialized to zero. Both deposition and resuspension 
were activated so that the inventory o f bed sediment was the deposited sediment from the 
water column during the simulation period.
Model results (Fig. 4-8) show that TSS concentration is still much lower than the 
observation data. However, two peaks o f bottom TSS concentration did manifest in the 
middle to upper part o f  the estuary. By including the resuspension process, both the ETM 
and the STM were reproduced by the model with a lower magnitude. It suggests that 
bottom sediment resuspension is a very important sediment source to the formation o f 
both the ETM and the STM. The amount o f bed sediment supply is crucial to the 
magnitude o f  the ETM and the STM. Information o f the initial condition o f bed sediment 
concentration is needed for the more accurate simulations o f TSS distributions.
C. Discussion
Results from the above model runs suggest that bottom resuspension is an 
important source to the formation o f both the ETM and the STM. The amount o f  bed 
sediment supply is crucial to the magnitude o f the simulated ETM and STM. By 
assuming unlimited bed sediment supply, the simulated ETM and STM roughly agree 
with the field data. However, for some cases, upriver o f the ETM, around the tidal nodal 
point, both surface and bottom TSS concentrations can be much higher than the data, 
which may be due to the unrealistic assumption o f unlimited bed sediment source in that
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
102
region. A better representation o f bed sediment distribution is needed for a more accurate 
TSS simulation.
4-2>2-2. Relationship between Stratification and the STM
Data from slack water surveys showed that there existed a transition zone between 
the upriver well-mixed and the seaward partially-stratified water column in the middle 
part o f the York River, and the STM was often observed within this transition zone. It 
suggests a close association o f the stratification pattern in the York River and the strength 
and location o f the STM. Since stratification is usually affected by freshwater inflows and 
tidal variations, sensitivity model studies were conducted to examine the responses of 
TSS field to different freshwater inflow conditions, and spring-neap tidal variations.
A. Influence o f  river discharge
The model runs for the sensitivity study of different flow conditions was driven 
by a tidal elevation time series using only the M2 constituent, and constant freshwater 
discharge was assumed for each case. High flow, mean flow, and low flow conditions 
were simulated respectively for the sensitivity study.
First, high freshwater inflow case (Pamunkey: 99.39 cms; Mattaponi: 45.95 cms) 
was determined as the discharge averaged over January, February and March during 1997 
and 1998 when the slack water surveys were conducted. The model runs for 60 tidal 
cycles to reach steady state. Figures 4-9,4-10, and 4-11 are the model results o f salinity 
and TSS distributions along the York-Pamunkey Rivers at slack before flood (SBF), 
slack before ebb (SBE) and the tidal average (AVG) respectively. Only one bottom TSS 
peak (ETM) occurs, which is associated with the head o f salt intrusion. Maximum
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stratification occurs at SBF and minimum occurs at SBE. Because salt intrudes about 5 
km farther upriver during SBE than during SBF, the ETM moves up and down river 
accordingly, with the magnitude being slightly lower during SBE than SBF. The tidally 
averaged ETM is located upriver o f that o f the SBF and seaward o f that o f the SBE.
The freshwater discharge for mean flow condition (Pamunkey: 3 1.4 cms; 
Mattaponi: 16.5 cms) was determined as the long-term mean o f discharge records 
according to the USGS. The model, again, was run for 60 tidal cycles to reach steady 
state. Figures 4-12,4-13, and 4-14 are the model results o f  salinity and TSS distributions 
along the York-Pamunkey Rivers at SBF, SBE and AVG respectively. Two bottom TSS 
concentration peaks occur during SBF, which are united into one wide high TSS 
concentration zone during SBE. Stratification is reduced during SBE relative to SBF and 
salt intrudes farther upriver. The ETM moves upriver as the magnitude decreases. Also, 
the magnitude o f the STM decreases from SBF to SBE, and a wide region o f high bottom 
TSS concentration results.
The constant freshwater discharge for low flow condition (Pamunkey: 4.95 cms; 
Mattaponi: 2.72 cms) was determined as the discharge averaged over August, September, 
and October o f 1997 when a continuous dry period was recorded. Again, the model was 
run for 60 tidal cycles to reach steady state. Figures 4-15,4-16, and 4-17 are the model 
results o f salinity and TSS distributions along the York-Pamunkey Rivers at SBF, SBE 
and AVG, respectively. Two bottom TSS peaks appear with one associated with the head 
o f salt intrusion and the other is located in its seaward more stratified region. Salt intrudes 
to around 70 River km, which agrees with the slack survey data during the dry period o f
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1997. Both the ETM and the STM move upriver with the salt from SBF to SBE, as the 
magnitudes o f bottom TSS concentration slightly decrease.
B, Influence o f  spring-neap tidal cvcle
In order to examine the influence o f the spring-neap tidal variation on the TSS 
field in the York River system, both M2 and S2 tidal constituents were used in the 
forcing function at the open boundary (Fig. 4-18 (a) and Fig. 4-19 (a)) in the following 
sensitivity studies.
First, constant high freshwater inflow was assumed. Model results show that 
salinity intrudes a little farther during neap tide than during spring tide (Fig. 4-18 (b)), 
which may be due to the stronger vertical mixing and hence a weaker bottom residual 
flow during spring tide. The bottom TSS distribution (Fig. 4-18 (c)) shows that there is 
only one peak (ETM) existent during the 30 tidal cycle simulation period, which is 
located around 50 River km, corresponding to the bottom 5-ppt isohaline. Potential 
energy anomaly (PEA) was calculated from vertical salinity distributions along the 
channel o f York-Pamunkey Rivers (Fig. 4-18 (d)). It suggests that stratification increases 
from the head o f salt intrusion towards the estuary mouth. The ETM roughly corresponds 
to the 30 J/m 3 PEA contour. PEA is highest during neap tide and lowest during spring 
tide. TSS concentration in the ETM is higher during neap tide and lower during spring 
tide, which may be due to a stronger convergence mechanism and weaker vertical mixing 
during neap tide when stratification is stronger.
Under the low freshwater inflow condition, salinity intrudes farther upriver, with 
the bottom 5-ppt isohaline reaching above 60 River km (Fig. 4-19 (b)). PEA is much
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lower than that under the high flow condition, especially during spring tide, when the 30 
J/m 3 PEA contour is located farther seaward (around 20 River km). There are two peaks 
o f bottom TSS concentration (the ETM and the STM) which exist in the middle to upper 
part o f the York River. The ETM is located farther upriver than under the high flow 
condition with a slightly lower magnitude. The STM is located around 40 to 50 River km 
with the magnitude higher during neap tide and lower during spring tide, which may be 
due to a stronger convergence mechanism and weaker vertical mixing during neap tide 
than during spring tide. The 30 J/m 3 PEA contour is associated with the STM most o f the 
time, except during spring tide when the magnitude o f the PEA is quite low.
C. Discussion
According to the model results, different freshwater inflow conditions could result 
in quite different TSS distribution patterns in the York River system. Under the high flow 
condition, the water column is well-stratified throughout the estuarine domain. 
Accordingly, only one bottom TSS concentration peak exists around the head o f salt 
intrusion, which is the classical ETM. Under the mean flow condition, the water column 
is less stratified, especially around the head o f salt intrusion. Both the ETM and the STM 
appear at slack before flood, with their locations very close together. At slack before ebb, 
the two peaks unite into one wide high TSS concentration zone. Under the low freshwater 
inflow condition, the water column is better mixed, and salt intrudes farther upriver. Both 
the ETM and the STM remain over tidal cycles with the ETM associated with the head o f 
salt intrusion and the STM located in its seaward well-mixed to stratified transition 
region.
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Under the high flow condition, the magnitude o f  the ETM varies with spring and 
neap tidal cycles. Bottom TSS concentration in the ETM zone tends to be higher during 
neap tide (PEA is higher) than during spring tide (PEA is lower). It may be due to the 
stronger convergence mechanism and weaker vertical mixing during neap tide. Under the 
low flow condition, both the ETM and the STM exist throughout the spring-neap tidal 
cycle. The magnitude o f the ETM does not vary much, but the magnitude o f the STM 
tends to be higher during neap tide than during spring tide. Correspondingly, the PEA 
during spring tide is very low in the middle part o f the York River.
The above model sensitivity studies confirm the relationship between 
stratification and the TSS distribution patterns observed in the slack water surveys. When 
the water column is well-stratified throughout the estuary, only the ETM exists. The STM 
shows up as the ETM intrudes upriver and the water column around the head of salt 
intrusion becomes well-mixed. The location o f the STM is associated with a transition 
zone between the upriver well-mixed and the seaward more stratified water column.
4-2-3. Analysis of the Mechanisms
Bottom sediment resuspension has been shown to be an important source o f 
suspended sediment in the water column from the intensive survey data. It is also shown 
to be essential to the formation o f both the ETM and the STM by the model sensitivity 
studies. Using a 2-dimensional approach, a mathematical analysis in Chapter 2 proposes 
four mechanisms to be the potential causes o f the formation o f the STM in the middle 
part o f  the York River. They are: convergence o f bottom residual flow, tidal asymmetry, 
inhibition o f turbulence diffusion by stratification, and local erosion (bottom
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resuspension). Data from an intensive survey shows that the magnitude o f the gradient of 
across-channel sediment flux is o f the same order as that o f the along-channel sediment 
flux, which suggests that lateral sediment transport could contribute to the formation of 
the STM as well. In order to discern the importance o f each mechanism, an analysis of 
the model results for the above mechanisms follows.
A, Bottom resuspension
The bottom sediment resuspension or erosion rate is calculated using equation (4- 
4) in the model. The constant, M, and the critical shear stress for erosion, Tec, were set to 
0.0005 g /m2/s and 0.1 Pa respectively within the model domain. For most o f the model 
runs, unlimited sediment supply from the bed was assumed, so that the sediment 
resuspension rate is mainly controlled by bottom shear stress. Bottom shear stress is 
calculated assuming a logarithmic velocity profile in the bottom layer.
Figure 4-20 shows the distribution of tidally averaged bottom shear stress in the 
York River system under the high, mean, and low flow conditions (sensitivity study 4-2- 
2-2A). Under all flow conditions, three places in the York River system have high bottom 
shear stress. The first one corresponds to the nodal point o f the tide in the Pamunkey 
River. The second one is located in the middle to upper estuary o f the York River, where 
the channel depth is shallow. The third high spot o f bottom shear stress appears in the 
lower part o f the York River, where the channel bifurcates and the main channel becomes 
much narrower than that seaward. Under the low flow condition, bottom shear stress is 
enhanced at the third peak. The distribution o f tidally averaged bottom TSS (Fig. 4-21) 
does not follow the pattern o f  bottom shear stress distribution. Under the high flow
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condition, only one bottom TSS peak (ETM) exists, which is located in the middle o f the 
two upper high bottom shear stress regions. Under the mean flow condition, the ETM 
separates into two peaks, with one (ETM) intrudes farther upriver and the other (STM) 
remains between the upper two high bottom shear stress regions. Under the low flow 
condition, the ETM intrudes farther upriver and the STM moves a little seaward. It 
indicates that although bottom resuspension is a major source o f TSS in both the ETM 
and the STM, there are other mechanisms that control the locations o f the ETM and the 
STM.
B. Convergence o f  bottom residual flow
The formation o f the ETM has been attributed to convergence o f bottom residual 
flow in most o f the micro-tidal estuaries. However, its role in the formation o f the STM 
has not been established. Time series velocity output from the model were saved for 
stations along the York-Pamunkey River channels, and the principal axes were then 
calculated for each station to get the along-channel velocity components. For the model 
runs driven by M2 tide (sensitivity study 4-2-2-2A), the averages o f the along-channel 
velocity components over one tidal cycle were calculated as the along-channel residual
flow ( k with positive upriver, the coordinates used in this section (4-2-3) follows the 
definitions in 2-3).
Figure 4-22 shows the distribution of bottom residual flows along the York- 
Pamunkey River channels under the high, mean, and low flow conditions. There is a 
strong relationship between the flow conditions and the locations o f the null point o f the 
bottom residual flow. Under the high flow condition, the null point is located around 45
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to 50 River km. As freshwater inflow decreases, the null point moves farther upriver, 
which is well associated with the intrusion o f the ETM. This suggests that estuarine 
circulation, or convergence o f bottom residual flow at the null point o f the estuarine 
circulation is the major cause o f the ETM in the York River system. Under the high and 
mean flow conditions, in addition to the null point o f  the estuarine circulation (around 48 
River km under the high flow condition and 55 River km under the mean flow condition), 
there are two other regions, located around 15-22, and 30-35 River km, respectively, 
which show convergent bottom residual flow. Under the low flow condition, besides the 
region o f  the null point (around 65 River km), convergent bottom residual flow exists 
around 33-38 and 45-48 River km (Fig. 4-22), respectively. The simulated STM under 
low flow condition resides around the second region o f convergent bottom residual flow 
(Fig. 4-23). In order to assess the importance o f convergent bottom residual flow to the 
formation o f both the ETM and the STM, velocity and TSS concentration output from the
_
model were used to estimate C —  (x is along the channel and positive upriver) along
dr
  QJJ
the York-Pamunkey channels (Fig. 4-24). The distribution o f C —  follows the variation
dr
  QJJ
pattern o f  residual flow. High (negative) peaks o f C —  reside in the regions discussed
dr
above. All these sites are either at the head o f salt intrusion or at locations where channel 
depth decreases rapidly upriver, which suggests that the magnitude o f bottom residual 
flow tends to decrease as channel depth decreases upriver. As a result, convergent 
sediment transport is likely in regions where channel depth decreases rapidly towards 
upriver.
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Steady state was reached in the model sensitivity studies used in this analysis. 
Based on the discussions in 2-3, if bottom residual flow is positive (upriver), the 
maintenance o f turbidity maximum requires convergent sediment transport (negative 
gradient o f bottom residual flow) at its seaward side and divergent (positive gradient o f 
bottom residual flow) at its upriver side. Figure 4-24 shows that the ETM is located in 
such region. The strong relationship between the null point and the location o f the ETM 
under various flow conditions suggests that estuarine circulation is the major cause to the 
formation o f  the ETM in the York River system. The STM only occurred under low and 
mean flow conditions, and it is associated with a region o f decreasing bottom residual 
flow, where the channel depth decreases upriver. Although strong convergence o f bottom 
residual flow also exists in the lower part o f the York River (around 15-22 River km) 
under the high flow condition, no STM occurred there.
C. Tidal Asymmetry
Tidal asymmetry is due to the non-linear interaction between the tidal flow and 
TSS variation over tidal cycles. The formation of the ETM in macro-tidal estuaries is 
often attributed to tidal asymmetry (Allen et al. 1980; Kirby and Parker 1982). In the 
middle and upper regions o f  the York River, much higher TSS concentration was 
observed during maximum flood than ebb, which contributes to net upriver sediment flux 
(Friedrichs et al. 1999).
The model simulation results show that net upriver sediment transport due to tidal 
asymmetry exists in the bottom layer o f  around 30 to 50 River km under both high and 
low flow conditions (Fig. 4-25, indicated by positive values o f CtU t ). Especially around
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50 River km, the upriver sediment flux is strongest within the lower part o f the water 
column. As a result, the gradient o f sediment flux (Fig. 4-26) indicates a convergent
3C \J SC \J
(negative value o f — — -), or divergent (positive value o f — ,— L) sediment transport in 
dx dx
the region. Under the high flow condition, strong convergence o f  sediment transport
exists at about 50 River km, where the ETM is located. Under the low flow condition,
convergent sediment transport exists near the STM, but around the zone of the ETM (65
3C LI
to 70 River km), the value o f — —-  is very small. The magnitude o f the convergence
dx
around the STM due to tidal asymmetry is higher than that due to convergent residual 
flow. Furthermore, the STM does not appear at places where there is convergent bottom 
residual flow but without convergent sediment fluxes due to tidal asymmetry. This 
suggests that tidal asymmetry is a major factor to the formation o f  the STM in the York 
River system.
A close examination o f model cells close to the STM and the ETM under low 
flow condition (Figs.4-27 to 4-30) is needed to show the temporal variation o f  the current 
and TSS concentration. Seaward of the STM (Fig. 4-27), bottom shear stress is higher 
during flood than during ebb, which leads to more sediment resuspension into the water 
column during flood. Maximum bottom sediment concentrations occur at maximum 
flood and maximum ebb. During flood, high TSS concentrations can reach a higher 
portion o f the water column where velocity is stronger. The more uniform vertical 
distribution o f TSS concentration during flood may be caused by tidal straining, which 
results in a more stratified water column during ebb than during flood. This also leads to
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a stronger upriver sediment flux during flood than the seaward sediment flux during ebb. 
Therefore, a net upriver sediment flux exists in this region. At stations between the STM 
and the ETM (Figs. 4-28 and 4-29), the magnitude o f bottom shear stress is about the 
same during flood and during ebb. The signal o f sediment advection appears much 
stronger than bottom resuspension since instead o f peaks o f TSS concentration at 
maximum flow speed, high TSS concentration occurs close to slack before ebb (Fig. 4- 
28) or slack before flood (Fig. 4-29). This suggests that the high TSS concentration is 
probably due to suspended sediment being advected from the STM (during flood to 
upriver o f  the STM) or the ETM (during ebb to seaward o f the ETM). Upriver o f the 
ETM (Fig. 4-30), although the bottom shear stress is higher during flood than during ebb, 
the temporal variation o f the TSS concentration is rather a response to the ETM than a 
cause. This is because the signal o f sediment advection is much stronger than that of 
bottom resuspension or the vertical stratification o f the TSS field.
Model results suggest that the mechanism o f tidal asymmetry can be very 
important to the formation of the STM. The net upriver sediment flux in the middle part 
o f the York River may be caused by higher bottom shear stress and a more uniformly 
distributed vertical TSS concentration during flood than during ebb. Since the effect o f 
tidal straining is proportional to the water depths (Simpson et al. 1990), as channel depth 
decreases upriver, the net upriver sediment flux decreases. This results in convergent 
sediment flux in the region where channel depth decreases sharply upriver. The 
connection between the location o f the STM and the transition between the upriver well- 
mixed and the seaward partially-stratified water column may be because both the two 
regions are usually associated with a sharp upriver decrease in the water depth.
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D. Inhibition o f  turbulence diffusion bv stratification
Since sediment is kept in suspension by the balance between upward turbulence 
diffusion and downward sediment settling. If turbulence is inhibited by stratification in 
the STM region, more resuspended sediment will be confined to the bottom layer of the 
water column. This coupled with the residual circulation, will trap the suspended 
sediment in a transition zone between upriver well-mixed and seaward more stratified 
water column. As an indication o f this mechanism, the TSS concentration should be more 
uniformly distributed at the upriver side o f the STM and more confined to the bottom 
layer at the seaward side. However, under the low flow condition, model results show 
that high TSS concentration are confined to the bottom layer at both upriver and seaward 
side o f the STM, which suggests that this mechanism contributes little to the formation o f 
the STM.
E. Lateral sediment transport
Data from the intensive survey suggests that lateral sediment transport is not 
negligible to the formation o f  the STM. Tidally averaged lateral sediment flux was 
calculated from the model output data at a transect around 50 River km, where the ETM 
located under the high flow condition and the STM located under the low flow condition 
(Fig. 4-31). Net sediment flux is towards the northeast at the lower layer o f the water 
column and at the northeast side o f the surface layer. It is towards the southwest at most 
upper layer o f the water column. As a result, the calculated gradient o f sediment flux 
(Fig. 4-33) shows that convergent sediment transport exists at the surface layer o f the
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channel. The magnitude o f convergence is a little lower than that due to convergent 
residual flow.
4-3. Discussion
The three prototype model simulations reproduced the basic features of TSS 
distributions in the York Rjver system. However, higher TSS concentration was predicted 
upriver o f the ETM, which might be due to the unrealistic assumption o f unlimited bed 
sediment source over the entire model domain. The sensitivity study 4-2-2-IB shows that 
both the ETM and the STM can be reproduced (with a lower magnitude) by the model by 
assuming a limited sediment supply from the bed. The problem is that no data is available 
for the initial conditions o f bed sediment distribution. For a more accurate simulation o f 
the TSS field, such information is needed, and the bed sediment model needs to be 
modified to take spatially varying initial condition.
One class o f suspended sediment was simulated in all the model runs. Constant 
values o f critical shear stress for erosion, -cec, critical shear stress for deposition, TdC, and 
settling velocity, ws, were applied over the entire model domain. However, measurements 
show varying bed and suspended sediment size distributions in the York River (Nichols 
et al. 1991; Dallapenna et al. 1998; Battisto, personal communications). Also, in-situ 
measurements indicate that i ec may vary with characteristics such as the sediment type, 
and the bioturbation o f the bottom sediments, or the existence o f a fluff layer (Maa et al. 
1993 and 1995).
The processes o f  flocculation and bed sediment consolidation are not simulated in 
the model. The importance o f these processes to the formation of the STM is not clear.
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The model used in this study successfully reproduced the basic features o f the 
TSS distributions in the York River, including the existence o f the STM during mean and 
low flow conditions and the relationship between stratification and the location o f the 
ETM and the STM. The analysis of the model results serves as a qualitative indication of 
the importance o f  each proposed mechanism that contributes to the formation o f the 
STM. For a more accurate simulation o f the TSS distributions in the York River, the 
factors discussed above have to be considered in the model.
4-4. Summary
A three dimensional numerical model was used to examine the mechanisms o f the 
formation o f the turbidity maximum in the York River.
Three periods were selected from the slack water surveys to represent different 
TSS distribution patterns in the York River. Model simulation o f the three periods 
reproduced the basic features in salinity and TSS fields. It confirms the observation o f the 
STM and the association o f the STM with a transition zone between the upriver well- 
mixed and the seaward partially-stratified water column.
Model sensitivity studies were then carried out to examine the responses o f TSS 
distributions to different environmental conditions. First, bottom resuspension is shown 
to be an important source o f suspended sediments in both the ETM and the STM. 
Different flow and tidal conditions were then tested to see the relationship between TSS 
distribution and salinity stratification patterns. Under the high flow condition, only the 
ETM appears, which is located near the head of salt intrusion. Under the mean and low 
flow conditions, two peaks o f bottom TSS concentration exist, one (ETM) located around
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the head o f salt intrusion and the other (STM) located seaward o f  the ETM. The STM is 
well associated with the transition zone between the upriver well-mixed and the seaward 
partially-stratified water column. Spring-neap tidal variation was reported to be an 
important factor in determining the stratification features in the middle and lower parts of 
the York River (Haas, 1977). Model simulation results show that the magnitude o f the 
ETM (under the high flow condition) and the STM (under the low flow condition) seem 
to be higher during neap tide than during spring tide. This is probably due to a stronger 
convergence mechanism and less vertical mixing during neap tide. The location o f the 
ETM seems to be associated with a 30 J/m 3 PEA contour under high flow condition. 
Under low flow condition, the ETM moves farther upriver, the 30 J/m 3 PEA contour is 
associated with the location o f the STM most of the time. This sensitivity study suggests 
that the formation o f the STM is closely related to the stratification patterns in the York 
River system.
A detailed analysis o f the mechanisms discussed in chapter 2 was carried out 
using model simulation results. The null point of bottom residual flow was shown to be 
closely associated with the location o f the ETM under various flow conditions, which 
suggests that estuarine circulation is the major cause o f the ETM in the York River 
system. Convergent sediment transport resulting from the upriver decrease o f  bottom 
residual flow exists in the region o f  the STM under the low flow condition. Convergent 
sediment transport due to tidal asymmetry has a higher magnitude than that due to bottom 
residual flow around the STM. At the seaward side o f the STM, upriver sediment flux 
may result from two factors. One is that higher bottom shear stress exists during flood 
than during ebb and hence more sediment is suspended to the water column during flood.
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The second factor is that, during flood, the high TSS concentration can reach a higher 
elevation where tidal current is stronger. The temporal variation o f TSS concentration 
upriver o f  the STM seem to be affected more by sediment advection from turbidity 
maxima than by bottom resuspension. The mechanism o f inhibition o f turbulence 
diffusion by stratification seems to contribute little to the formation o f the STM.
Under the high flow condition, fresh water pushes the null point o f estuarine 
circulation towards the middle part o f  the York River, strong convergence o f upriver 
sediment fluxes due to tidal asymmetry occurs at the same place o f the strengthened 
convergence o f bottom residual flow. This results in a very high peak o f bottom TSS 
concentration, the ETM. Under the low flow condition, as river flow diminishes, the 
ETM moves upriver with the null point o f the estuarine circulation. The strong 
convergence o f sediment fluxes due to tidal asymmetry remains at the middle part o f the 
York River estuary, which combined with a smaller convergence o f bottom residual flow 
(caused by upriver decrease o f the strength o f the bottom residual flow), forms the 
secondary turbidity maximum.
The association between the location o f  the STM and the stratification pattern can 
be explained as follows: the STM usually is located in a region o f upriver decrease o f 
both the bottom residual flow and upriver sediment flux due to tidal asymmetry. Both of 
the two factors usually are associated with an upriver decrease o f channel depth. As 
channel depth decreases, vertical mixing increases and hence the salinity tends to be 
better mixed.
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Table 4-1. Empirical parameter values used in the model experiments
M (g /m 2/s) Tec (Pa) Tdc (Pa) ws (m/s)
0.0005 0 . 1 0.035 5xl0 ' 5
Table 4-2. Estimated parameters for the seven-parameter log-linear regression model
Po Pi P2 P3 P4 Ps Pa
Pamunkey 2.459 0.822 0.034 -0.293 9.112 -0.031 -1.109
Mattaponi 2.354 0.673 0.058 -0.889 2.538 -0.410 -0.438
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Fig. 4-3. (a) Surface and bottom total suspended solids (TSS) 
concentrations and (b) vertical salinity distributions along the York- 
Pamunkey Rivers on February 12,1997 (the 1st case o f real time 
simulation).
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Fig. 4-3. (c) Surface and bottom total suspended solids (TSS) 
concentrations and (d) vertical salinity distributions along the York- 
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simulation).
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Fig. 4-3. (e) Surface and bottom total suspended solids (TSS) 
concentrations and (f) vertical salinity distributions along the York- 
Pamunkey Rivers on September 12,1996 (the 3rd case o f real time 
simulation).
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Fig. 4-4. (a) Model results (solid line) and survey data (dashed line) of 
vertical salinity distributions (b) Model results and survey data o f surface 
(broken line) and bottom (solid line) (■  represents data point) TSS 
distributions along the York-Pamunkey Rivers at slack before flood on 
Feb. 12, 1997.
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Fig. 4-5. (a) Model results (solid line) and survey data (dashed line) of 
vertical salinity distributions (b) Model results and survey data o f surface 
(broken line) and bottom (solid line) (■  represents data point) TSS 
distributions along the York-Pamunkey Rivers at slack before flood on 
Mar. 24, 1997.
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Fig. 4-6. (a) Model results (solid line) and survey data (dashed line) o f 
vertical salinity distributions (b) Model results and survey data o f  surface 
(broken line) and bottom (solid line) (■  represents data point) TSS 
distributions along the York-Pamunkey Rivers at slack before flood on 
Sept. 12, 1996.
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Fig. 4-7. Model results and survey data o f surface (broken line) and 
bottom (solid line) (■  represents data point) TSS distributions along the 
York-Pamunkey Rivers at slack before flood on Sept. 12, 1996, without 
bed sediment supply.
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Fig. 4-8. Model results and survey data o f surface (dashed line) and 
bottom (solid line) TSS distributions along the York-Pamunkey Rivers at 
slack before flood on Sept. 12, 1996, with limited bed sediment supply.
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Fig. 4-9. Model results o f (a) salinity and (b) TSS concentration 
distributions along the York-Pamunkey Rivers at slack before flood under 
high river inflow.
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Fig. 4-10. Model results o f  (a) salinity and (b) TSS concentration 
distributions along the York-Pamunkey Rivers at slack before ebb under 
high river inflow.
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distributions along the York-Pamunkey Rivers at slack before flood under 
mean river inflow.
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Fig. 4-13. Model results o f (a) salinity and (b) TSS concentration 
distributions along the York-Pamunkey Rivers at slack before ebb under 
mean river inflow.
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Fig. 4-14. Model results o f tidally averaged (a) salinity and (b) TSS 
concentration distributions along the York-Pamunkey Rivers under mean 
river inflow.
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Fig. 4-16. Model results o f  (a) salinity and (b) TSS concentration 
distributions along the York-Pamunkey Rivers at slack before ebb under 
low river inflow.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
400 - r - Surface T5S Bottom TSS
300
10 20 30 40 50 60 70 80 90
Distance from York River Mouth (km)
Fig. 4-17. Model results o f  tidally averaged (a) salinity and (b) TSS 
concentration distributions along the York-Pamunkey Rivers under low 
river inflow.
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Fig. 4-18. (a) Tidal elevation at open boundary and (b) model results o f 
bottom salinity (ppt) distributions along the York-Pamunkey Rivers for 
spring-neap sensitivity studies under high river inflow condition.
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Fig. 4-18. (continued). Model results o f (c) bottom TSS concentration 
(mg/L) and (d) potential energy anomaly (J/m3) distributions along the 
York-Pamunkey Rivers for spring-neap sensitivity studies under high 
river inflow condition.
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Fig. 4-19. (a) Tidal elevation at open boundary and (b) model results of 
bottom salinity (ppt) distributions along the York-Pamunkey Rivers for 
spring-neap sensitivity studies under low river inflow condition.
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Fig. 4-19. (continued). Model results o f (c) bottom TSS concentration 
(mg/L) and (d) potential energy anomaly (J/m3) distributions along the 
York-Pamunkey Rivers for spring-neap sensitivity studies under low river 
inflow condition.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
143
Fig. 4-20. Spatial distributions o f bottom shear stress (Pa) in the York River 
system under (a) high (b) mean and (c) low flow conditions. Based on model 
sensitivity studies with constant fresh water inflow and M2 tide.
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Fig. 4-21. Spatial distributions o f bottom TSS concentration (mg/1) in the 
York River system under (a) high (b) mean and (c) low flow conditions. 
Based on model sensitivity studies with constant fresh water inflow and 
M2 tide.
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Fig. 4-22. Along-channel distribution o f  bottom residual flow under high, mean, and low flow conditions. 
Data is from intensive survey (June, 1998).
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Fig. 4-23. Along-channel distributions o f  TSS concentration (mg/1) using model 
output under (a) high flow condition and (b) low flow condition.
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Fig. 4-24. Along-channel distributions o f  estimated C —— (10 ' 5 mg/l/s) using
dx
model output under (a) high flow condition and (b) low flow condition.
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Fig. 4-25. Along-channel distribution o f estimated C,U, (10 mg/m2/s) 
using model output under (a) high and (b) low flow condition.
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Fig. 4-27. Temporal variations o f  (a) bottom shear stress, (b) tidal deviations 
o f flow speed (cm/s) and (c) tidal deviations o f TSS concentration (mg/1) at a 
channel cell about 40 kilometers from York River mouth (about 7 kilometers 
downstream of the STM). Data are from model sensitivity studies with constant 
low fresh water inflow.
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Fig. 4-28. Temporal variations o f (a) bottom shear stress, (b) tidal deviations 
o f flow speed (cm/s) and (c) tidal deviations o f  TSS concentration (mg/1) at a 
channel cell about 53 kilometers from York River mouth (about 6  kilometers 
upstream of the STM). Data are from model sensitivity studies with constant 
low fresh water inflow.
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Fig. 4-29. Temporal variations o f (a) bottom shear stress, (b) tidal deviations 
o f flow speed (cm/s) and (c) tidal deviations o f TSS concentration (mg/1) at a 
channel cell about 60 kilometers from York River mouth (about 8  kilometers 
downstream o f the ETM). Data are from model sensitivity studies with constant 
low fresh water inflow.
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Fig. 4-30. Temporal variations o f (a) bottom shear stress, (b) tidal deviations 
o f flow speed (cm/s) and (c) tidal deviations o f TSS concentration (mg/l) at a 
channel cell about 77 kilometers from York River mouth (about 9 kilometers 
upstream o f the ETM). Data are from model sensitivity studies with constant 
low fresh water inflow.
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Fig. 4-31. Across-channel distributions o f  tidally averaged sediment fluxes 
( 1 0 2  mg/m 2/s) using model output under (a) high flow condition and 
(b) low flow condition.
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Fig. 4-32. Across-channel distributions o f ------- (1 O' 5 mg/l/s) using model
dy
output under (a) high flow condition and (b) low flow condition.
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CHAPTER 5 
Conclusions and Future Studies
5-1. Summary and Conclusions
Monthly slack water surveys were carried out in the York-Pamunkey-Mattaponi 
Rivers from August 1996 to July 1998. Survey results show that in addition to the 
classical estuary turbidity maximum (ETM), there often exists a secondary turbidity 
maximum (STM) in the near-bed TSS field seaward o f the primary one. The STM moves 
back and force in the middle part o f the York River with magnitude slightly lower than 
that o f the ETM. The location o f  the STM shows a very strong relationship with the 
transition between the upriver well-mixed and the seaward partially-stratified water 
column.
A mathematical analysis shows that the accumulation o f tidally averaged TSS 
concentration in the bottom layer o f the water column depends on four processes. First, 
an upriver decrease o f bottom residual flow can lead to increased TSS concentrations in 
the region o f the STM. Secondly, a landward decrease o f the upriver sediment fluxes due 
to tidal asymmetry is also likely to cause the formation o f  the STM. Thirdly, turbulent 
diffusion inhibited by stratification can lead to more sediments confined to the bottom 
layer and hence an increased TSS concentration in the zone o f the STM. Finally, strong 
bed sediment resuspension may be an important source o f TSS in the STM.
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An intensive survey was conducted on June 18, 1998 to study the intra-tidal 
variation o f the TSS transport in the middle part o f  the York River. The proposed 
mechanisms were examined using the survey data, none was found to support convergent 
sediment transport in this region. No well-defined STM or a dissipating STM was 
observed on the June 16, 1998 slack water survey in the vicinity o f the intensive survey. 
Temporal variation o f TSS concentration was shown to be proportional to the variation of 
bottom shear stress, which indicates that bottom sediment resuspension is an important 
source o f the TSS in the middle part o f the York River. Although across-channel 
sediment flux is about 1 / 1 0  o f the along-channel sediment flux, the along- and across- 
channel gradients o f sediment fluxes are o f the same order o f magnitude. It suggests that 
the sediment transport in the middle part of the York River is a three-dimensional 
process.
In order to further investigate the mechanisms o f the formation o f the turbidity 
maximum in the York River, a three-dimensional numerical model was used. Three 
prototype model simulations were conducted, and the model reproduced the basic 
features in salinity and TSS fields in the three separate periods. Sensitivity model studies 
were then carried out to examine the responses o f  TSS distributions to different 
environmental conditions. Bottom resuspension is shown to be an important source o f 
suspended sediments in both the ETM and the STM. Results also confirm the observation 
o f  the STM and its association with the transition between the upriver well-mixed and the 
seaward partially-stratified water column.
Analysis o f the mechanisms using model results show that the null point o f 
bottom residual flow is closely associated with the location o f  the ETM under various
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flow conditions, which suggests that estuarine circulation is the major cause o f the ETM 
in the York River system. Convergent sediment fluxes, resulting from an upriver decrease 
of bottom residual flow, exist in the region o f the STM under the low flow condition. 
Convergent sediment fluxes due to tidal asymmetry has a higher magnitude than that due 
to bottom residual flow around the STM. At the seaward side o f the STM, net upriver 
sediment flux may result from two factors. The first factor is the higher bottom shear 
stress during flood than during ebb. Hence, more sediment is suspended to the water 
column during flood. The second factor is that during flood high TSS concentration can 
reach a higher elevation where tidal current is stronger. Inhibition o f  turbulence diffusion 
by stratification appears to contribute little to the formation o f  the STM. Convergence of 
lateral sediment fluxes exists at the surface layer o f the channel within the ETM (under 
the high flow condition) and the STM (under the low flow condition) regions. The 
magnitude o f  the convergence is less than that due to bottom residual flow.
Overall, the model results suggest that bottom sediment resuspension is an 
important source o f the TSS in both the ETM and the STM regions. Under the high flow 
condition, fresh water pushes the null point o f estuarine circulation towards the middle 
part o f the York River system, strong convergence o f upriver sediment fluxes due to tidal 
asymmetry occurred at the same place o f the strengthened convergence o f bottom 
residual flow. This results in a very high peak of bottom TSS concentration, the ETM. 
Under the low flow condition, as river flow diminishes, the ETM moves upriver with the 
null point o f the estuarine circulation. The strong convergence o f sediment fluxes due to 
tidal asymmetry remains at the middle part o f the York River estuary, which combined
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with a smaller convergence o f  bottom residual flow, forms the secondary turbidity 
maximum.
5-2. Future Studies
The present study revealed the existence o f the Secondary Turbidity Maximum in 
the middle part o f the York River Estuary, and examined the mechanisms o f the STM 
from the hydrodynamic point o f  view. There are still many issues which need to be 
addressed in future studies.
First, no well-defined STM or a dissipating STM was observed in the middle part 
o f the York River during the intensive survey on June 18, 1998, and the proposed STM 
formation mechanisms were absent. Another intensive field survey during a period when 
a strong STM exists would benefit the study o f the STM.
Biogeochemical processes such as flocculation and deflocculation were not 
included in this study. The role o f  wind waves in the formation o f the STM was assumed 
to be o f  little significance. Although the numerical model reproduced the basic features o f 
both the STM and the ETM without simulating either flocculation or wind wave effects, 
including them in the future work may improve the simulation results.
The numerical model, HEM-3D, used in this study simulates sediment 
resuspension and deposition by assuming constant critical shear stress for erosion, 
constant critical shear stress for deposition and constant M (the empirical constant for the 
calculation o f erosion rate) throughout the model domain. However, all three parameters 
may vary both spatially and temporally in reality. The model needs to be improved to
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allow for specification o f  varying values for such parameters and related field surveys 
need to be conducted to supply the necessary information.
An improved bed sediment model which incorporates consolidation o f deposited 
sediment and a more realistic initial condition o f bed sediment supply may serve better 
for the purpose o f model simulation. Again, related field surveys need to be conducted to 
supply the necessary information and the model needs to be modified in the future for the 
improvement.
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APPENDIX
STICKPLOTS OF CURRENTS OF THE MOORING STATIONS 
DURING THE INTENSIVE SURVEY
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